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Abstract
ABSTRACT
P-FeSizhas been shown to have a minimum direct band gap of 0.87 eV, which leads to the 
opportunity of Si based opto-electronics. One of the many applications that p-FeSi2 has 
been linked with is solar cells. Its proposed suitability for solar cell applications 
originates from a large absorption coefficient above the fundamental edge (10^ cm"^), 
predicted solar cell efficiencies as high as 23% and photoelectric properties with a 
quantum efficiency o f 32%. Ion beam assisted deposition represent a technique that is 
suitable for producing low cost material over large areas, thus making it suitable for solar 
cell fabrication.
The work reported here represents an in-depth optical characterisation o f the effects of 
fabrication and post-fabrication processing on ion beam assisted deposited FeSi layers on 
Si substrates. Two different sets o f substrates have been investigated; the first were 
deposited with layers of Fe and Si in the ratios between (40%:60%) and (29%:71%), and 
the second were deposited in stoichiometric ratios (1:2),
A range of post-fabrication processes have been investigated, these have included 
studying the effects of annealing time (10 minutes to 18 hours) and temperature (lOO^C to 
900°C) on the band gap and defects underneath the fundamental absorption edge. A study 
o f the effect of annealing regime on the measurement temperature dependency o f the 
band gap was also completed.
The results have shown that annealing temperature has a stronger effect on the band gap 
rather than annealing time, while both affect the absorption underneath the fundamental 
edge. Optical evidence for the formation o f p-FeSi2 was found for annealing temperatures 
as low as 425®C. Increasing the annealing temperature/time also results in structural 
changes in the material, which are dependent on the as-deposited composition o f the FeSi 
layer.
p-FeSi2/Si(n-type) solar cell devices have been fabricating, showing rectifying I-V 
characteristics, and a photo-voltage spectral response that indicated two distinct regions; 
0.72 eV to 1.1 eV and 1.1 eV and above.
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Chapter 1 
Introduction
Elements from the periodic table form over 180 silicides; which are chemical compounds 
o f silicon with different metals. The majority o f these silicides are metallic with low 
resistivity, however at least 12 have been reproducibly observed to be semiconducting 
[1,2,3]. Even though metallic silicides have been of great interest to the semiconductor 
industry for low resistivity interconnects and gates, a large proportion o f the research 
effort into silicides has been directed to FeSii, and in particular the semiconducting beta 
(|3) phase.
The main reason for the interest in (3-FeSi2 is reported properties o f a direct band gap o f 
0.87-0.89eV [4,5,6], which leads to a compatibility with existing optical technologies. 
The realisation o f silicon devices incorporating (3-FeSi2 facilitates the development o f 
silicon-based opto-electronics (light emitters and detectors), optical communications and 
optical interconnects in electronics and computers.
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A number of groups are currently developing devices [7,8], including a prototype Light 
Emitting Diode (LED) reported by Leong et al. [7]. Work continues to optimise these 
devices with the hope of achieving characteristics suitable for commercialisation. 
Suitable device characteristics include an external quantum efficiency o f greater than 1 %.
[3-FeSi2 has also been shown to exhibit other advantageous characteristics that highlight 
the potential o f (3-FeSi2 as a material for solar cell applications these include:
• large absorption coefficient (10'^-lO^cm'*) just above the band edge [5];
• predicted solar cell efficiencies as high as 23% [9];
• photoelectric quantum efficiency of 32% [10].
When investigating the use of a material such as FeSi2 for solar cell applications, two 
important factors to consider are the efficiency o f the device and the cost o f fabrication. 
Material availability is also a key point for solar cell applications, Fe and Si are both 
abundantly available and relatively non-toxic resulting in their classification as kanlcyo 
(environmentally friendly) semiconductors [11].
Various techniques for producing [3-FeSi2 have been investigated; these have included 
molecular beam epitaxy (MBE) [12], solid phase epitaxy (SPE) [13], reactive deposition 
epitaxy (RDE) [14], ion beam synthesis (IBS) [15] and Ion Beam Assisted Deposition 
(IB AD) [16,17,18,19,20]. The formation of (3-FeSi2 by IB AD is of interest as it offers a 
cheap method o f depositing layers over a large area.
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It is apparent that the use of IB AD to deposit (3-FeSi2 has significant advantages as a 
method of producing solar cell devices. The objective of this work has been to investigate 
the formation o f p- FeSi2 by IB AD, and then perform a preliminary evaluation o f the 
suitability of the material for use in the fabrication of solar cells. This report is divided 
into six chapters; chapter 2 reviews the background literature on Fe-Si materials. Chapter 
3 contains a summary of the theory involved in interpreting the results. This is followed 
by a discussion o f the experimental techniques outlined in chapter 4. Chapter 5 contains 
the experimental results and discussions, and the final chapter (chapter 6) contains the 
conclusions and future work.
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Chapter 2 
Literature Review
2.1 Introduction
Most devices used for microelectronic applications are fabricated on silicon. Silicon 
however exhibits an indirect band gap that makes it unsuitable as an optical emitter [1]. 
Thus over the last 10-15 years an extensive programme of research has been directed 
towards achieving Si based light emission [2]. This would enable the integration of 
opto-electronic and micro-electronic components on a single chip, and has the potential 
o f revolutionising the electronics industry.
Many silicon based light emitting devices have been proposed and studied during this 
time [3 ] . These have included SiGe superlattice structures [4 ] ,  porous Si [5 ] , 
nanocrystalline Si [6], erbium doped Si [7], Si/insulator superlatttice structures [8], 
semiconducting silicides [9], and more recently dislocations in Si [10].
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This chapter begins by reviewing the main techniques used to alter the optical properties 
of silicon, and is then followed by a detailed review of the Fe-Si system. This review 
gives a summary o f those results necessary to provide a relevant and comprehensive 
background to this dissertation.
2.2 Altering the optical properties of Si
Bulk silicon is an indirect semiconductor with weak radiative recombination, thus as a 
material for opto-electronic applications it is unsuitable [1]. A number of methods of 
altering the optical properties o f Si have been investigated. Table 2.1 summaries the 
major research efforts that aim to achieve efficient room temperature light emission from 
Si based optical devices.
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TABLE 2.1 Summary of methods to produce light out of Si.
M a te r ia l E m iss io n
W a v e le n g th
(pm)
S o u r c e
P-FeSiz 1.55 [11]
SiGe Superlattice structures 1.3-1.7 [12]
Porous Si 0.35 * [4,13]
0.47* [14]
0 .4 -0 .8  * [4,13]
1.1- 1.5 * [4,13]
Nanocrystalline Si in: Si/CaFz 0.55-0.58 [6]
Multiple Quantum Well (MQW)
SiOz 0 .54 -0 .83 [15]
Erbium doped Si 1.54 [7]
Erbium doped SiGe/Si 1.54 [5]
Si/SiOz structures 0.54-0.73 [8,16]
0.6-0.8 + [17]
Si Dislocation 1.1 [10]
( * = PL emission, + =contains Nanocrystalline Si)
One o f the front running techniques is the use of silicides. Elements from the periodic 
table form over 180 silicides, which are chemical compounds o f silicon with different 
metals. The majority o f these silicides are metallic with low resisitivty, however at least 
12 semiconducting silicides have been reproducibly observed [18,19]. Table 2.2 indicates 
all o f the semiconducting silicides reported in the literature.
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TABLE 2.2 Summary of semiconductng silicides reported to date. 
(After V.E.Borisenko [18])
Silicide Band Gap Value
(eV)
Band Gap 
Nature
MgzSi 0.78 indirect
BaSiz 1.3 data not available
CrSiz 0.35 indirect
MoSiz 0.07 indirect
WSiz 0.07 indirect
MnSiz-x 0.7 direct
ReSii.75 0.12 indirect
FeSiz 0.87 direct 
(See section 2.4.2.)
RuzSi] 0.91 direct
OsSi 0.34 data not available
OszSis 2.3 direct
OsSiz 1.8 data not available
IrsSis 1.56 direct
Iron disilicide is the most studied o f the semiconducting silicides and has generated 
promising results (see preceding sections o f this chapter). Work on other semiconducting 
silicides e.g. RuzSis, though less advanced, indicates that they too may be suitable as 
silicon based light emitters.
The synthesis ofRuzSi] in Si(l 00) by IBS was first achieved by Sharpe et al. [20]. Optical 
analysis of this material indicated a direct band gap of 0.87-0.92 eV [21]. Materials 
analysis indicated a complicated microstructure with a high degree o f  disorder [22]. No
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photoluminescence (PL) was obseiwed from any o f the samples investigated in this study
[21]. MBE growth o f RuzSis on S i( ll 1) and (100) has also been reported [23,24,25,26], 
again no PL was observed from any o f the samples investigated.
Other promising results for silicide based opto-electronic materials have been reported 
for MnSiz-x [27] and ReSiz [28]. Preliminary investigations have been reported on MnSii.?, 
while an infrared detector has been demonstrated with a ReSiz thin film transistor [28].
2.3 Fe-Si Interactions
Although the early studies by Birldiolz and Naegele were performed in 1968 and 1970 
[29,30], further investigations on the Fe-Si system did not begin until Bost and Mahan in 
1985 [31]. Since then an increasing number of publications have investigated many 
aspects o f Fe/Si interactions. Much o f this interest has been on P-FeSiz due to the reported 
minimum direct band gap of 0.87eV [32]. The binary phase diagram for Fe-Si predicts 
that FeSiz exists in two stable phases, a high temperature (>950^C) metallic phase 
(a-FeSiz) and a low temperature semiconducting phase (p-FeSiz) [33]. Figure 2.1 shows 
the binary phase diagram for the Fe-Si system.
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FIGURE 2.1 Fe-Si binary Phase diagram, (after O.Kubaschewski [33])
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P-FeSil has an orthorhombic Bravais lattice end-centred (a-face) structure with lattice 
constants a=0.986 nm, b=0.779 nm and c=0.783 nm, with 48 atoms per unit cell [34]. 
a-PeSi2 has a tetragonal structure, (a=b=0.2698 nm and c =0.5390 nm), with 3 atoms per 
unit cell [35] and contains approximately 18% Fe vacancies [36]. Transformation from 
the p to a  phase is reported to occur around 950^C [33]. A metastable metallic y-phase 
with a fluorite structure has also been reported [37]. The attractiveness o f  FeSiz for 
opto-electronic applications lies in the existence o f the semiconducting P-phase, thus the 
subsequent sections will concentrate on this. The other stable and unstable phases o f 
FeSiz and other Fe-Si compositions will be discussed when relevant.
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2.4 FeSiz
Various techniques for producing FeSiz have been investigated, these have included 
MBE [38], SPE [39], RDE [40], IBS [41] and IBAD [42,43,44,45,46]. It has been shown 
that the properties o f FeSiz are strongly related to the fabrication process [40-46]. The 
following sections compare and contrast the structural, optical, and electrical properties 
of p-FeSiz produced by a number o f different techniques spanning the past 15 years.
2.4.1 Structural Properties
Cheng et al. first demonstrated the epitaxial tendencies o f P-FeSiz on Si(l 11) substrates 
[47], subsequently epitaxial layers of p-FeSiz have been grown on both S i( l l l )  and 
Si(OOl) substrates by a variety o f methods.
Even though there is no simple lattice match for the orthorhombic structure of P-FeSiz to 
Si(OOl), the growth of epitaxial layers o f P-FeSiz on Si(OOl) has been reported [38]. This 
indicates that there is a coincidence net with a reasonable mismatch and unit mesh size
[38]. One o f the proposed hetero-epitaxial relationships for the growth o f FeSiz onto 
Si(OOl) is a matching face relationship of FeSiz(100)//Si(001) as suggested by Mahan et 
al. [38]. They reported the growth o f P-FeSiz on Si(OOl) in what appeared to be single 
crystal layers several hundred angstroms thick. This epitaxial alignment was confirmed 
by Reflection High-Energy Electron Diffraction (RHEED) and Transmission Electron 
Microscopy (TEM). Two distinct but equivalent azimuthal orientations for this face
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alignment were given. These may be presented by FeSi2[010]//Si[110] or Si[llO]. The 
growth of P-FeSiz on Si(OOl) was seen to be similar for both RDE (deposition of metal 
onto a hot silicon substrate) and MBE (co-deposition of iron and silicon in stoichimetric 
proportions at high temperatures) if  the same growth temperature was used.
Further work by Geib et al. [40] also studied the growth of p-FeSiz on Si(OOl) by RDE, 
MBE and SPE (the heating o f a disordered but near-stoichiometric film which has been 
previously co-deposited onto a cold substrate). The alignment o f the crystallographic 
faces was consistently seen to be FeSiz(100)//Si(001) for the films studied. The 
deposition mode and the growth temperature were also shown to have an effect on the 
orientation and surface morophology o f the layers. Two azimuthal orientations 
predominated, FeSiz[010]//Si<110> (type A) and FeSiz[010]//Si<100> (type B). Figure
2.2 shows these two orientations.
The type A epitaxial relationship was obseiwed for both RDE and MBE layers with 
growth temperatures in the range 300°C to 550°C. For growth temperatures in the range 
550^C to 700^C, layers o f both type A and type B were seen. High purity type B layers 
were not seen for any RDE or MBE grown layers.
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FIGURE 2.2 The proposed FeSiz (100)/Si(001) lattice matching. (After Geib et al. 
[401) (a)For type A FeSi2[010]||Si<llG>
(b) For type B FeSi2[010]i|Si<100>
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Thick films grown by RDE exhibiting type A expitaxial alignment were all shown to have 
a rough surface morphology due to islanding [40]. In an effort to obtain smoother type A 
films, MBE and SPE were investigated, and combined using the template technique of 
Tung et al. [48]. The result o f which was the growth o f high purity type B layers with 
improved surface morphology over the type A layers, however no improvement in layers 
showing type A epitaxial alignment was achieved.
This preference of different hetero-epitaxial relationships at various growth temperatures 
(unless a template was used), is surprising. The type A relationship has a common unit 
mesh of area 3 1 [ 4 8 ] ,  resulting in a mismatch o f +1.8%, whereas, the most reasonable 
lattice match for the type B relationship has a common unit mesh area o f 122 Â^, which 
gives a mismatch o f -4.0%  [48]. It is therefore unexpected that a preference for the latter
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relationship would exist, as the competing type A orientation seems to be compelling.
After the initial reports of observing the epitaxial tendencies o f (3-FeSi2 on S i( l l l)  
substrates [47], Cheng et al. reported further results on the growth o f P-FeSi2 on both 
Si(OOl) and Si(l 11) substrates [49]. TEM was used to investigate the effects o f annealing 
conditions on interfacial reactions of iron thin films (300 A) on silicon produced by 
electron gun evaporated Fe. FeSi was found to form after 400®C, with small amounts of 
FegSi being detected in samples that were annealed at 450^C to 500°C [49]. Samples 
annealed at 600®C were found to contain predominately p-FeSi2, with a few FeSi grains 
that were not evident once the annealing temperature was raised to 700^0. Once the 
annealing temperature was raised to 800^0, a-FeSi2 grains appeared. For samples with 
S i( l l l )  substrates polycrystalline to epitaxial FeSi2 transformation was found to occur at 
900^0. For samples with Si(OOl) substrates only polycrystalline FeSi2 grains were 
observed [49].
Annealing ambient was also shown to influence the phase formation, with vacuum and N 2 
annealing at 900-1100*^ C being favourable for growth of P-FeSi2 and a-FeSi2 respectively 
[49].
An investigation using TEM and Transmission Electron Diffraction (TED) o f epitaxial 
layers o f p-FeSi2 grown by SPE on S i( l l l )  substrates was reported by Cherief et al. [39]. 
The growth o f films (area «mm^) that are in epitaxial alignment with the substrate, and 
contain no detectable polycrystalline regions, was achieved at lower reaction 
temperatures («800K) than previously reported. Analysis by TEM and TED indicated
15
Chapter 2  Literature Review iI
two epitaxy types, each one showing a threefold azimuthal orientation in agreement with 
symmetry considerations. In summary, epitaxy was observed according to the following: 
Epitaxy A: joining P-FeSi2(101)//Si(lll) with the azimuthal orientation
p-FeSi2[101]//Si[011] or [101] or [Î10]. Epitaxy B: joining p-FeSi2(110)//Si(lll) with 
the azimuthal orientation p-FeSi2[001]//Si[0Tl] or[T01] or [TlO].
J. Derrien et al. [50,51] also investigated the growth of p-FeSi2 by SPE on S i( l l l )  
substrates. Results from the interpretation o f RHEED patterns indicated that annealing at 
temperatures above «450^0 results in formation of P-FeSi2 with the same epitaxial 
alignments reported by Cherief et al. [39]. Further investigations by TEM and TED 
indicated that both epitaxy type A and B co-existed within the samples. They also 
reported growth by SPE o f a very thin layer of p-FeSi2 (<6 nm) which only contained 
epitaxy type A. The growth of P-FeSi2 by RDE on Si(l 11) was also investigated, showing 
epitaxial growth could be achieved in thicker layers (2000 Â).
Le Thanli Vinh et al. reported a study into the evolution of an MBE deposited Fe layer on 
S i( l l l )  substrates. This work highlighted the stages of Fe-Si interaction and compound 
formation as a function o f temperature [52] (See Table 2.3).
The evolution of compound formation during SPE and RDE growth of Fe layers on 
Si(lOO) was reported by J. Alvarez et al. [53]. This work highlighted the stages o f Fe-Si 
compound formation as a function o f temperature, and was found to be in agreement with 
the thermodynamic predictions o f the Benè rule [54]. The Benè rule predicts the first 
silicide to be formed (at 430-580°C) is FeSi, and FeSi2 is stable from 600 to SOO^C.
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D.R.Peale et al. [55] investigated and discussed the hetero-epitaxial growth o f P-FeSii on 
strained and unstrained Si substrates (strained substrates caused by a SiGe buffer layer). 
The results indicated that significant improvements in layer growth could be achieved by 
the use o f a template layer, co-deposition (Fe & Si) and strained substrates to better match 
the silicide lattice parameters.
Co-deposition was seen as an advantage, as previous attempts to form silicide films from 
thick Fe deposits were frustrated by the inability o f the reactants to mix into the proper 
stoichiometric ratios. This problem was seen as a consequence o f the first reactions at the 
Si/Fe interface producing a film of P-FeSiz that acts as a significant diffusion barrier for 
Si and/or Fe [55]. Once a layer o f P-FeSi2 is formed at the interface, the diffusion o f Si 
and/or Fe necessary for film growth must occur preferentially along grain boundaries and 
is thus retarded [55].
Differential Thermal Analysis (DTA) o f amorphous FeSi2 (a-FeSi2) samples in the 
temperature range 0 to 700 ®C was reported by S.K.Sharma et al. [56]. The results 
indicated that two exothermic reactions exist in this temperature range. The first reaction 
at 425°C was attributed to the transition from the amorphous phase to poly crystalline 
P-phase, the cause o f the second reaction is not discussed by the authors. The estimated 
energy o f these reactions at 425°C and 595®C are 3.0 kcalmof^ and 0.8 kcalmof^ 
respectively. Both o f these transitions were accompanied by reductions in the 
conductivity.
S.S.Lau et al. [57] investigated vacuum annealing of Fe layers (1000-1500Â) on Si
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substrates. They reported results from Rutherford Backscattering Spectroscopy (RBS) 
and X-ray Diffraction (XRD) that showed that a compound layer o f FeSi is produced at 
about 450°C and FeSi2 formation begins at about 550°C. The activation energy for the 
growth of FeSi was given as 1.67 +/- 0.15 eV or 161 +/- 14 kJmol"\
N.R.Baldwin et al. [58] reported on low temperature reactions o f Fe (40 nm) layers on Si 
substrates that had been capped with 120 nm of Si02. The results indicated that FeSi was 
the first phase to form (as low as 300^C), and was diffusion controlled. FegSi was then 
formed when most o f the Fe had been converted to FeSi. The formation o f most of the 
layer to p-FeSi2 was finally achieved by annealing at 650^C for 1 hour, which was 
nucléation controlled.
A number of other research groups have investigated the growth kinetics of FeSi layers, a 
summary of those results and the ones already discussed can be found in Table 2.3.
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TABLE 2.3 A summary of results from studies of the growth Idnetics of Fe-Si.
Material & 
fabrication 
process
FeSi 
formation 
temp (®C)
a-FeSi to FeSi 
activation energy 
(eV)
FeSiz 
formation 
temp (^C)
FeSi to FeSiz 
activation Energy
Source
a-FeSi2
(0-700"C)
NR NR 425 3.0 kcal mol ' [56]
Fe on Si A 450 1.67+/- 0.15 eV 
161 +/- 14 kJ mol'^
550 NR [57]
Fe on Si SPE 450-500 NR 600 NR [49]
a-FeSiz*# NR NR 380-420 NR [59]
Fe on Si SPE 
Fe on Si RDE
430-580 NR 600-800 
350 DT
NR [53]
Fe onto EBE 
on a-Si
525 1.5 ±0.1 eV 
150± lO kJ m op'
[60]
Fe on Si SPE 500-625 1.36 + 0.25 eV 
131 ± 24  kJ mol'^
NR 2.6 ± 0.5 eV 
250 ± 50 kJ mol '
[61]
MBE 350 DT NR 400 DT NR [52]
a-FeSiz 
(Ar plasma 
sputtering)
NR NR 450 NR [62]
Fe on Si 
IBAD
400 DT NR 500 DT NR [43]
EBE Fe & Si 
onto Si
NR NR 400 NR [63]
Fe (40nm) 
layers on Si +
300 NR 650 for 1 
hour
NR [58]
FeSiz 
RF sputtering
NR NR 100 NR [64]
NR = not reported, *= glass substrate, #=annealing in Ar, + = capped withSiOa, A = vacuum annealed, 
DT = deposition temperature.
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M.Komabayashi et al. [59] annealed a-FeSiz samples from 340-600"C. A transition to the 
P“FeSiz phase was seen to occur at 380-420''C. Annealing above this temperature showed 
no structural changes according to XRD measurements, but the measurement o f the 
Seebach coefficient and activation energy did indicate structural changes taking place. 
These changes were attributed to the annealing effects on defects and unknown 
impurities.
The mechanical stress in co-evaporated P-FeSiz+v (v < ±0.12) thin films (fabricated by the 
annealing o f amorphous FeSi layers) on Si substrates was investigated by K.Herz et al. 
[65]. A large tensile film stress (due to structural relaxation o f the amorphous film during 
deposition and annealing up to dOO '^C) was only evident for the crystallisation of 
P-FeSiz+v layers when v > 0, which resulted in the cracking and delamination o f the 
layers.
Liu et al. [66] studied the formation of p-FeSiz films that were formed by pulsed laser 
deposition on silicon (100) substrates, A single phase p-FeSiz film was formed by 
depositing an iron layer on the silicon at bOO^ 'C and TOO^ 'C. At lower deposition 
temperatures, metastable FeSi was present in addition to p-FeSiz. At SOO'^ C metallic 
a-FeSiz was mixed into the film.
D.H.Tassiss et al. [67] investigated the structural properties o f polycrystalline P-FeSiz. 
An amorphous Si and Fe layer deposited on a Si substrate was annealed from 600°C to 
800°C. On annealing at 700^C it was noticed that a few grains of p-FeSiz grew in the 
substrate. Increasing the temperature to 800^^0 resulted in an increase in interface
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morphology degradation, which occuiTcd as a consequence o f many more p-FeSiz grains 
growing in the substrate. It was also reported that even at temperatures as low as 700''C 
voids between the silicide and silicon were present. Evidently, the areas o f the silicon 
substrate where the voids were formed were used as silicon sources for the silicide 
formation.
It has been shown that thin epitaxially aligned layers of P-FeSiz can be grown on Si(OOl) 
and S i( l l l )  substrates, though care has to be taken during fabrication to ensure this. 
Moreover, it has been reported by many groups [41,68] that the fabrication of P-FeSiz by 
IBS favours the growth o f polycrystalline layers o f P-FeSiz containing epitaxially aligned 
grains.
The first successful fabrication o f buried epitaxial silicide layers by IBS was achieved by 
White et al. [69]. This technique involves the implantation o f metal ions into Si substrates 
and subsequent annealing. The quality of layers fabricated by IBS is highly dependant on 
implant conditions, as thermally it is a non-equilibrium process. One such parameter is 
ion dose, which is critical in layer formation. Low doses result in precipitate formation 
through the Ostwald ripening mechanism [70], higher doses result in the formation of 
continuous layers [41]. IBS was subsequently exploited to form continuous and 
non-continuous (precipitate) layers o f p-FeSiz in S i( l l l )  and Si(OOl) substrates.
S i( l l l )  and Si(OOl) substrates were implanted at 450 keV with Fe ions using a dose o f 6 
X lO'^ Fe cm'^ and subsequent annealing at 900^^0 [71,72]. The resulting layers were 
shown to consist of p-FeSiz grains, which were found to favour epitaxial growth with
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respect to S i( l l l )  planes. This resulted in an epitaxial layer being formed in S i( l l l )  
substrates, which consisted of grains with the alignment (101) and/or (110) p-FeSiz 
parallel to Si(l 11). In Si(OOl) substrates this preference led to layers with relatively small 
(0.5pm) grains with several orientations. This is in agreement with the epitaxial 
relationships found by Cherief et al. [39]. A further study by this group using higher 
implant doses [71], indicated that the dose affected the position o f the layer within the 
substrate. The results highlighted that a layer extending to the surface or one that was 
buried could be formed, by varying the ion dose. The larger the dose the closer the layer 
extended to the surface. These results also suggested that layer growth occurred at the 
upper interface, in agreement to earlier results on IBS structures [73].
Radermacher et al. [74,75,76,77,78] have also studied the use of IBS in the formation of 
p-FeSiz layers. They reported the annealing o f S i( l l l )  substrates implanted with high 
doses (>2.8xl0'^ Fe''’ cm“ )^ below the p to a  phase transition temperature, results in the 
formation of continuous layers of p-FeSiz with p-FeSiz precipitates on either side of the 
layer. Samples implanted with lower doses ( 2 x 1 Fe^ cm'^) appeared to be disrupted 
after annealing at 750''C for 5 hours.
As a result o f these studies they developed an alternative method o f forming p-FeSiz. 
Firstly an implant at 200 keV of Fe ions with a range o f doses (1.0-3.0) xlO'^ Fe cm'^ into 
S i( l l l ) ,  and a subsequent Rapid Thermal Anneal (RTA) at 1150''C for 10 seconds was 
used to form layers o f the metallic a-FeSiz. A second anneal (750''C for 20 hours), below 
the p—>a phase transition temperature, was then used to transform the metallic layer into 
the semiconducting P-FeSiz phase. They investigated the transformation from the
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a-phase to the p-phase, using RBS over the temperature range of 700^C to 900^C [76]. 
Their results showed the phase transformation occurred inliomogeneously, first at the 
corners o f the samples and then progressed towards the centre. For the transformation to 
P-FeSi2 the existence of nucléation seeds seemed to be very important, therefore Fe 
implantation into the a-FeSii layer was used to generate seeds prior to annealing. The 
results from this study indicate an improvement in the homogeneity o f the phase 
transformation ( a ^ P ) .
Gerthsen et al. [79] performed a detailed study on samples similar to those investigated 
by Radermacher et al. [74-78]. A comparison between the epitaxial alignment for p-FeSii 
formed by only annealing below the alpha transition temperature, and samples that had 
been converted from the alpha phase to P-FeSiz by annealing was made. Results indicated 
that different alignments between the P-FeSiz and Si substrate were seen for the 
reconverted layers, in comparison to those annealed below the transition temperature. 
The alignment also varied from those reported by Cheng et al. [47,49] and Cherief et al.
[39].
For reconverted layers (which constituted larger grains) the alignment observed was 
P-FeSiz (010) (parallel or slighly off-oriented) or (001) (parallel) to the Si(l 11) plane with 
two different azimuthal orientations. In the type I azimuthal orientation, p-FeSiz [001] is 
aligned almost parallel to one o f the Si<110> directions (rotation close to 6°). In type II 
azimuthal orientation, the p-FeSiz [100] is aligned almost parallel to one o f the Si<110>. 
It is therefore hypothesised that the orientation of p-FeSiz layers is highly dependent on 
the growth mechanisms and conditions [79].
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Panknin et al. [80] investigated the alpha to beta phase and vice versa transitions on 
annealing above and below the phase transition temperature. Si(lOO) was implanted with 
Fe with a dose 2-5x10*^ Fe cm'^ at an energy o f 300keV, a range o f post implant anneals 
were then performed to investigate the nature of the and a -» p  transitions.
Polycrystalline p-FeSiz layers were formed during implantation (350^C) and the structure 
remained polycrystalline after annealing at 850^C. Annealing at lOSO^C for 30 seconds 
was sufficient to completely transform the layer from the p-phase to the a-phase. 
Increasing the length of the anneal caused the grain size to grow. To convert the layer 
back from the a-phase to the p-phase, an anneal at 850^C for 300 minutes was used. 
Analysis of these layers showed that most o f the a-phase had converted back to the 
P-phase (increased grain size), however the a-phase did remain in small regions o f the 
layers. These results indicated that the re-transformation (a-^P ) process is much longer 
than the reverse transition. This was attributed to the transformation velocity being 
governed by the high activation energy for nucléation of the beta phase, and by the long 
diffusion path of the Fe atoms if  the main part of the layer has already been transformed 
[80].
T.D Hunt et al. [36,81,82,83] have studied IBS of a-FeSiz and p-FeSiz. They looked at 
the optical properties and phase transformations (P->a) o f various layers. Doses o f 
2x10^^ and 4x10^^ Fe cm'^ were implanted at 200keV into n-type Si(lOO) wafers, this 
resulted in two distinct samples. After annealing at 600^C for 1 hour, the lower dose 
exhibited a microstructure consisting o f a central discontinuous region o f P-FeSiz 
precipitates bounded on either side by bands of smaller precipitates. Annealing o f the 
samples up to 900^C saw this central region o f precipitates progressively grow, at the
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expense o f the precipitates above and below. The crystallinity o f the surrounding silicon 
was also seen to improve. This type o f precipitate evolution with increased annealing 
temperature is attributed to Ostwald ripening [70]. Upon annealing at 1000°C, the 
transformation from (P->a) was seen to occur, based on broadening o f the iron 
distribution in RBS data and Selected Area Diffraction (SAD).
Annealing the higher dose sample at 600®C showed a continuous polycrystalline layer of 
p-FeSiz, flanked on either side by precipitates of p-FeSiz in a defective silicon matrix. 
Subsequent annealing (up to 900°C) showed the layer of p-FeSiz becoming thicker, with 
the size o f the sunounding precipitates becoming larger but accompanied with a 
reduction in density. As with the lower dose sample annealing at 1 OOO^ C resulted in the 
P ^ a  phase transformation.
Yang et al. used TEM to study the affects o f annealing temperature on the microstructure 
o f IBS P-FeSiz layers, and how this altered the optical properties o f the samples [84,85]. 
The results from this study are detailed in Section 2.4.2.
Recently work on p-FeSiz fabricated by IBS has concentrated on the formation of 
precipitates rather than continuous layers. The formation o f p-FeSiz precipitates was first 
observed during IBS o f continuous layers. IBS was consequently used to form layers 
containing precipitates only, this was achieved through the implantation o f a low dose of 
Fe ions into Si substrates, followed by an annealing stage. One o f the earliest reports of 
the formation of a discontinuous layer was reported by T.D.Hunt et al. [36,81-83], as 
discussed earlier.
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The coarsening and phase transition o f FeSiz precipitates in Si(OOl) was studied by 
X.W.Lin et al. [86]. The coarsening process involves the evolution o f plate-shaped 
precipitates, which are caused by the lengthening rate being considerably greater than the 
thickening rate. The evolution of the precipitates is coupled with phase transitions. In the 
initial state the FeSiz precipitates consist o f the y-phase, a cubic metastable metallic phase 
[87]. Upon annealing up to 900^C the phase transition to the p-phase occurs, although a 
few precipitates (diameter «<5nm) remained in the y-phase. This indicates that the 
y-phase stability is size dependant. H. Reuter et al. have also reported the growth o f large 
P-FeSiz precipitates and a-FeSiz network structures [88].
The formation o f precipitates rather than continuous layers has led to reported 
improvements in the optical properties o f P-FeSiz [89]. These improvements in optical 
properties are discussed in a subsequent section.
During most of 1990's IBS was a very popular route for producing p-FeSiz, mainly due to 
the improvements reported in the optical properties. The latter part o f that decade to the 
present day has however seen a renewed interest in other fabrication techniques, which 
are now discussed.
The formation of p-FeSiz by laser ablation has been report by Kakemoto et al. [90,91,92]. 
Optical and structural characteristics have been compared to p-FeSiz layers fabricated by 
IBS and Electron Beam Deposition (EBD). Results indicate that high quality p-FeSiz 
layers can be fabricated.
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Suemasu et al. [93,94,95,96,97,98] have investigated a novel use o f RDE o f Fe to form 
P-FeSiz balls embedded in MBE grown Si. This method has been utilised to fabricate 
Si-p/Si-n structures with p-FeSiz balls at the interface, which have shown promising 
optical properties (see section 2.4.2).
Work by the same group has used SiOz capping layers and p-FeSiz growth templates to 
stabilise and improve the morphology o f P-FeSiz layers formed by RDE o f Fe o n to  Si 
substrates [99,100,101,102]. Continuous and highly oriented (100)p-FeSiz//Si(001) 
layers were achieved. This gi'owth technique has resulted in some interesting electrical 
properties highlighted in section 2.4.3.
The crystal quality o f P-FeSiz formed on Si(OOl) by both the SPE and RDE methods 
under various growth conditions was also investigated [103]. A range o f substrate 
temperatures and Fe deposition rates were investigated. The optimum conditions were 
reported to be a substrate temperature o f470*^0, with the Fe deposition rate of 0.1 A s" .^ A 
highly (lOO)-oriented epitaxial p-FeSiz layer was formed on Si(OOl) by using these 
optimum conditions.
After the initial research into p-FeSiz layers the main focus has been biased toward 
characterisation and improvement o f thin films (and precipitates), though single crystal 
growth by Chemical Vapour Transport (CVT) has been investigated 
[104,105,106,107,108]. The cause for this was a need to prove the suitability o f this 
material system for opto-electronic applications. It is now becoming apparent that to 
achieve production level devices, bulk growth techniques are o f great importance. In
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depth research o f both thin film and bulk growth techniques are necessary to achieve the 
quality of material to facilitate the fabrication of devices with production level 
characteristics [109,110].
The current situation of (3-FeSi2 research is illustrated in figure 2.3.
FIGURE 2.3 The current situation in P-FeSi] research. (After Maeda [110])
Experience of Thin 
Film Technology
F U T U R E
PRESENT
Experience of Bulk Material
With this in mind one of the most recent avenues of research into P-FeSi] has seen many 
groups starting again to grow single crystals, in order to ascertain the bulk material 
properties. The difficulty of bulk crystal growth is mainly due to the complicated Fe-Si 
system [33]. p-FeSii is only stable below 937^C-950°C [33], thus ordinary methods of 
bulk growth from the melt such as Czochralski growth [111] are unsuitable.
Kakemoto et al. used the Horizontal Grain Freeze (HFG) method to produce single 
crystals [112]. Single phase P-FeSii bulks crystals were achieved by annealing at 900°C 
for lOOOh. Udono et al. [109, 113] have proposed a new technique of solution growth
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using a Ga solvent for the preparation o f bulk P-FeSiz single crystals. The first reported 
large crystals grown by this technique were reported to be polycrystalline with 
homogeneous composition [109]. Further work by the same group however has reported 
the growth of single crystals of p-FeSia [113]. Crystals grown by this technique have a 
low resistivity and are p-type in nature, with the incoi*poration o f Ga into the bulk p-FeSi] 
single crystals being responsible for the doping. The Ga solution technique produced 
crystals that were not ‘needlelike’, as reported for singles crystals grown by CVT 
methods. Anisotropy of the growth rate for the former teclinique is low consequently it is 
suitable for growing bulk p-FeSi2 single crystals.
The use of Sb related intermetallic compounds to facilitate the growth of high quality 
epitaxial layers o f p~FeSi2 was reported by T.Koga et al. [114]. Layers grown on Si 
substrates by deposition of Sb-related intermetallic compounds, results in layers superior 
to those produced by conventional RDE processes. Furthermore other recent reports on 
the growth o f single crystals of p-FeSi2 have included Sb solution growth [115] and liquid 
phase techniques [116].
2.4.2 Optical Properties
Throughout investigations into the nature of the band gap of P-FeSi2 there has been much 
discussion about whether the band gap o f the material is direct or indirect. Initial Ab-initio 
band gap calculations performed by a number of groups [117,118] have shown the 
minimum band gap to be indirect, with a slightly larger direct band gap. The indirect 
nature o f the band gap is also supported by a number o f experimental studies
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[119,120,121]. Other experimental observations, have however determined the minimum 
band gap to be direct [31,32,9].
One o f the first optical investigations was carried out by Birkholz et al. [29,30]. A normal 
freezing technique was used to form samples o f a-FeSii and (3-FeSi2, which were 
subsequently measured to obtain the reflectivity over a wavelength range (1 |iim->50|im). 
For the undoped P-FeSiz at a wavelength o f 1.3 pm a minimum in the reflectivity is seen 
and is ascribed to fundamental absorption, interpretation o f these results indicate a direct 
band gap of 0.8 eV [122].
Host et al. [31] studied thin films o f p-FeSiz, which were prepared by furnace reaction (in 
99.995% pure argon) o f ion beam sputtered iron, using normal incident transmission and 
reflection measurements. A direct band gap value o f 0.87 eV was indicated.
FIGURE 2.4 Optical-absorption coefficient vs photon energy, showing high
values of absorption below the fundamental edge.(After Bost et al.
[31])
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The absorption below the fundamental band edge is attributed to defects introduced into 
the material due to the layer being a fine-grained polycrystalline film. Further work by the 
same group revised the analysis of these results, thus adjusting the minimum band gap to 
0.89eV, but still direct in nature [32].
Dimitriadis et al. [123] studied thin polycrystalline iron disilicide layers prepared by 
furnace annealing o f EBD iron layers. The optical absorption coefficient o f siiicide films 
grown at temperatures from 800®C to 900^C, were measured by Photothermal Deflection 
Spectroscopy (PDS) [124]. The results indicated a direct band gap o f 0.85eV. Pronounced 
sub band gap absorption is seen, and attributed to defect states near the centre o f the gap.
K.Lefid et al. [125] also studied p-FeSiz layers that according to a previous study [39], 
were expitaxial in nature with two orientations and an abrupt interface. A direct band gap 
o f 0.85eV resulted from optical absorption measurements.
Giannini et al. [120] studied polycrystalline single-phase p-FeSiz layers grown on Si(l 11) 
by RDE (annealed at 620®C). Optical linear transmittance measurements were made on 
these samples from lOK to room temperature (RT). It was concluded from the absorption 
data that below 8OK a direct band gap of around 0.9eV and an indirect band gap a few 
tens o f an meV below the direct one was present. A long absorption tail underneath the 
direct band edge was seen as evidence for this indirect band gap. Above 80K a shoulder 
appeared on this tail attributed to temperature activated additional absorption 
mechanisms (grain boundary defects), that prevented the determination o f the indirect 
band gap above 80K. Temperature dependence of the direct band gap was successfully
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modelled by a thermodynamic model [126], which indicated an unusually strong 
electron-phonon interaction.
Radermacher et al. studied a-FeSiz and P-FeSiz fabricated by IBS [74-78] and Molecular 
Beam Allotaxy (MBA) [77] using S i( l l l )  substrates. P-FeSiz layers were fabricated by 
annealing below the p~>a phase transition temperature, after a rapid thermal anneal was 
used to convert the layer to the a-phase. PDS measurements on p-FeSiz layers fabricated 
by IBS were interpreted as showing a direct band gap of 0.84eV, with an additional 
indirect transition at 0.78eV at RT. At 77K the direct transition was seen to shift to «0.875 
eV and the indirect to «0.86 eV.
J. Derrien et al. also reported optical measurements performed on a very thin layer of 
P-FeSiz (<6nm) grown by SPE onto S i( l l l )  substrates, which only contained one of the 
expected epitaxy types [50-51]. An absorption coefficient in the range 10"* -10^ cm*’ was 
found at a photon energy o f «0.85eV, which is in agreement with that reported for thicker 
polycrystalline layers by Bost et al. [31-32]. An optical band gap o f 0.84 and 0.88eV at 
300K and lOK respectively, was also seen. Hunt et al. [81-83] also reported a direct room 
temperature band gap value o f 0.87-0.89eV.
A direct optical band gap o f 0.87eV was also measured by Oostra et al. [72]. Optical 
measurements were made on IBS layers, that extended to the surface, on S i ( l l l )  and 
Si(OOl) substrates. PL was however not detected jfrom these layers.
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One o f the earliest reports o f PL from p-FeSiz was presented by Dimitriadis et al, [123], 
who studied polycrystalline thin films on Si substrates. The films were prepared by 
furnace annealing o f an EBD iron layer. PL measurements were talcen at liquid helium 
temperature (5K). Three thin films grown on single crystal substrates at different 
temperatures (800^0, 850°C, and 900’’C) were investigated, PL spectra were measured 
for all the samples in the range 1 to 1.8pm. Weak luminescence around 0.84eV was found 
to originate from the thin films o f P-FeSiz, after luminescence measurements on the Si 
substrates did not show any PL signals.
Regolini et al. [127] studied low temperature (LT) and high temperature (HT) p-FeSiz. 
The layers were produced by Chemical Vapour deposition (CYD) in a Limited Reaction 
Processing (LRP) system [128]. For HT p~FeSiz//Si(l 11) samples grown at 850®C a PL 
peak (5K) was measured at 0.94eV, which was attributed to a direct band to band 
transition. The difference between this emission wavelength and that reported by other 
groups [123], was suggested as a strain effect. Another (weaker) PL emission band at 
0.79eV was attributed to a conduction band to impurity induced trap transition.
As previously discussed (see section 2.4.1.), T.D Hunt et al. [36,81,82] have studied IBS 
of a-FeSiz and P-FeSiz. They looked at the optical properties and phase transformations 
(P -^a) o f various layers. Doses o f 2xlO’  ^and 4xlO’^Fe cm"^ were implanted at 200keV 
into n-type Si(lOO) wafers. This resulted in two distinct samples, which contained a 
discontinuous layer and a continuous layer of P-FeSiz respectively.
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PL measurements were taken (5K) on both samples for a range o f annealing temperatures. 
For the lower dose samples no PL was seen for the as-implanted or 600^C annealed 
samples. A broad PL signal was seen after annealing at 800’’C. Annealing at 900’’C for 
18h resulted in an increase in the strength of the signal (at 1.54pm) and reduction in line 
width (Full Width Half Maximum (FWHM) 3meV). Increasing the annealing 
temperature to 920’’C and 940^2 resulted in a small reduction in FWHM and increased 
intensity. No PL signal was observed after the sample had been transformed into the 
metallic a-phase.
The sample with the higher dose was seen to emit a PL signal (5K) after annealing at 
900^u for a total o f 18 hours, though results from lower annealing temperatures were not 
reported. The PL signal was however broader than that seen for the lower dose (FWHM 4 
meV). This difference was seen as a consequence o f increased non-radiative 
electron-hole recombination from the damage remaining in the siiicide layer and the Si 
surrounding it. Annealing at 1 OOO^ C again resulted in the loss o f the PL signal, attributed 
to the phase transformation (p -> a) occmring.
It has been previously reported that a high quality layer o f p-FeSiz can be formed by 
annealing a-FeSiz samples below the phase transition temperature, and thus reconvert the 
sample back to p-FeSiz [74]. A sample with a dose of 4 x 1 Fe cm'^ was initially 
annealed at lOOO^ ’C for 1 hour + 1270’’C for 10 seconds (forming the metallic phase), and 
then annealed at 900^C for 18 hours to convert back to the semiconducting phase. PL 
measurements were taken [82] and compar ed to a similar sample that had not undergone 
the high temperature anneal [81,82]. The PL signal from the reconverted sample was seen
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to be weaker than that o f the other sample. This was attributed to small amounts o f 
a-FeSiz still present in the sample due to the length of time necessary for the a -> p  
transformation [80].
T. D. Hunt et al. also compared IBS of p-FeSiz at 200 keV (dose: 4x10’  ^ ion cm"^) and 2 
meV (dose: IxlO ’  ^ ion cm'^) [83]. After annealing at 900°C for 18 hours, both samples 
produced a PL signal, however with significant differences in FWHM o f the two spectra. 
The 200 keV sample gave a FWHM of 4 meV, whereas the 2 MeV sample gave a FWHM 
of 100 MeV. This result thus favours the use of lower implant energies to obtain a good 
quality PL signal. Further work from the same group reported a dose dependence o f the 
PL signal [89]. Figure 2.5 shows the PL spectra at 8OK for a range o f implanted doses.
The sample with the lowest dose o f Fe (curve e) showed no PL. No precipitates o f P-FeSiz 
were seen in Cross-sectional Transmission Electron Microscopy (XTEM) images o f this 
sample, which correlates with the lack o f PL signal at 80K. For the remaining samples a 
PL signal was observed at 80K, showing luminescence lines at 0.8 leV  with line widths o f 
approximately 40 meV. The largest signal was obtained for the implanted dose o f 1 x 1 0 ^  
cm'^ (curve c). XTEM analysis of this sample showed precipitates with diameters of 
400-600 Â at the surface and smaller precipitates approximately 50 Â in diameter at the 
projected range o f the implant. For the samples containing a continuous layer (Dose: 
4x10* ■ Fe cm'^), no PL signal was distinguishable from the back ground noise at 80K or 
above.
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FIGURE 2.5 PL spectra (at 80K) for samples implanted with 200 keV Fe  ^to doses
of 1 X 10*^  cm^ (curve a), 5 x 10*^  cm^ (curve b), 1 x 10*^  cm^ (curve
c), 5 X 10^  ^cm^ (curve d), and 1 x lO^ '* cm'  ^(curve e) which have
subsequently been annealed at 900®C. (After Reeson et al. [89])
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As previously detailed Radermacher et al. investigated p-FeSiz formed by reconverting a 
layer o f a-FeSiz by annealing below the p -> a  phase transition temperature [74-78]. PL 
measurements on these samples revealed an emission wavelength o f about 1.55pm. This 
was attributed to defects in the Si matrix, as a reduction in the PL intensity was observed 
as crystal quality was improved by annealing [78].
Yang et al. investigated fundamental absorption and absorption below the fundamental 
edge in IBS polycrystalline P-FeSiz on Si(OOl). The investigation involved optical 
transmission measurements at temperatures between 10 and 300K [85]. The nature o f the
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band gap was assessed to be direct with a value o f 0.85eV. The results also showed that 
the measurement temperature dependence of the band gap could be modelled either by a 
thermodynamic model [126] or the Einstein model [129], which are mathematically 
identical (see section 3.2.2).
The absorption underneath the fundamental edge was fitted to an expression, typical of 
Urbach tail absorption, for many amorphous and crystalline semiconductors [130]. This 
exponential edge characteristic has been shown experimentally and theoretically to arise 
from both structural and dynamic phonon disorders. The temperature dependence o f the 
Urbach tail width was also shown to follow the Einstein model [129] used to model the 
band gap temperature dependence.
Further work by the same group used optical transmission and TEM to study the affects 
of annealing temperature on the microstructure and optical properties o f IBS p-FeSiz 
layers [85]. A dose o f 4x10*’ Fe cm’^  (at an energy of200keV) was implanted into n-type 
Si(OOl) substrates, samples were then annealed at a range of temperatures between 500^C 
and 800°C for 18 hours.
The variation o f the direct band gap value with annealing temperature was reported. The 
results showed a small band gap o f «0.785eV for the as-implanted layer, which was 
implanted at 350^C. A significant increase in the band gap value occurred after the 
sample was annealed at 500’’C for 18 hours, and a further slower increase was shown for 
annealing temperatures between 500’’C and 900’’C. The variation o f the Urbach tail width 
with annealing temperature was also reported. The results showed a sharp decrease from
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«290 meV in the as-implanted sample to «125 meV after annealing at 500’’C. 
Subsequently, a steady decrease o f the Urbach tail width occurs as the annealing 
temperature was increased from 500°C to 900’’C. The shift in both the band gap and the 
Urbach tail width with annealing temperature indicates the effect o f structural disorder on 
the band edge parameters o f IBS p-FeSiz.
A sample that was first annealed at 1050^0 for 15 seconds to achieve the a-phase 
followed by another anneal at 850®C for 18 and 36 hours respectively, to convert to the 
p-phase was also studied. The results showed a smaller band gap and a larger Urbach tail 
width, compared to a sample that had only been annealed at 900^C for 18 hours. This 
difference was attributed to a small portion o f the metallic a-phase grains in the P-FeSiz 
layer, which was confirmed by reflection measurements and TEM.
Yang et al. also reported on a TEM study that was undertaken to investigate the effects of 
annealing on the microstructure o f the samples, with the aim o f explaining the trends seen 
in the optical properties [85]. To summarise these results, a severe lattice distortion 
caused by a high level o f disorder (causing it to behave in a manner similar to an 
amorphous material) in the as-implanted sample accounts for the smaller band gap and 
larger Urbach tail width. Annealing at 500*^C caused a transformation within the layer 
from an “amorphous like” material to a polycrystalline layer, resulting in the increase in 
the direct band gap and the decrease in the Urbach tail width. This is attributed to the 
structural relaxation during annealing, which is associated with strain reduction in the 
as-implanted layer. Annealing between 500°C and 900*^C showed a further reduction of 
the residual strain within the layer, although less marked. This results in an increase in the
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band gap and a decrease in the Urbach tail, but again at a slower rate than that seen up to 
500°C.
A comparison o f the grain sizes at 600°C and 900°C (160nm) showed that annealing at 
higher temperatures increased the average grain size, which reduced the area o f grain 
boundaries within the samples. It has been suggested that distorted bonds within the grain 
boundaries may cause the penetration of states into the forbidden band gap, thus resulting 
in absorption below the fundamental edge (Urbach tail). These experimental findings are 
consistent with the high density of distorted bonds present within the grain boundaries. 
Reducing the grain boundary areas (annealing at higher temperature), decreases the 
number o f distorted bonds and hence causes less penetration of the tail states into the 
energy gap o f the IBS P-FeSiz. A reduction in the Urbach tail width is thus seen. A further 
study by the same group reported on order domain boundaries within IBS P-FeSiz layers 
[84].
The temperature dependence o f the band gap o f p-FeSiz formed by annealing o f Fe films 
evaporated onto Si substrates and capped with thin amorphous silicon (a-Si) over layers, 
has been investigated by M.OÈvold et al. [131]. Three samples were studied all o f which 
had the same Fe/a-Si layer thickness (90nm). Samples A and C were annealed at 800^C 
and sample B at 650°C. Samples A and B consisted of Si(l 11) n-type (P-doped) wafers, 
while sample C was a Si(lOO) p-type (B doped) wafer. The capping a-Si layer was 
removed after the annealing. A direct band gap of 0.89eV was observed at room 
temperature, with absorption underneath the fundamental edge also evident. The band 
gap dependence on measurement temperature was then modelled with a three parameter
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thermodynamic model [126]. The parameters used within the model were compared with 
those reported by various other groups [85,120,132]. This comparison can be seen in 
Table 2.4.
TABLE 2.4 Fit parameters for temperature dependence of the direct gap of p- 
FeSi2.(After M.Oivold et al. [131])
Eg(0)
(eV)
AEg(O)
(eV)
S AS <^co>
(meV)
à<h(ù>
(meV)
REF. or Sample
0.900 - 6.22 - 71 - [120]
0.894 - 2.75 0.25 55 3 [85]
0.901 - 2.15 - 34.5 - [132]
0.891 0.0114 2.63 0.41 21.5 12.6 A
0.894 0.0015 1.88 0.22 46.8 6.5 B
(X897 0.0007 1.43 0.28 71 9.2 C
0.894 0.0066 1.98 0.31 46.4 9.8 Average (A-C)
Eg(0)= band gap at OK, S=coupling parameter, <h(o> = average phonon energy
Comparison of the data in Table 2.4 shows that while Eg(0) is very nearly constant, the 
other two parameters exhibit a significantly scattered distribution of values. These 
differences in the reported values for the coupling parameter (S) and the average phonon 
energy (<?zco>) are attributed to the use of different fabrication techniques and/or thermal 
processes.
In a similar study the same author proposed that the relatively high differences in the 
modelling parameters is due to the strong dependence o f the band edge states on the 
lattice distortion [133].
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It was suggested that PL observed from substrates containing precipitates o f p-FeSiz 
resulted from defects within the substrate, raüier than a direct band edge transition [78]. 
Leong et al. who had previously reported PL from a range of samples at 5K and 8OK 
[81-83,89], conducted a range o f experiments to determine the origin o f the luminescence 
from the layers [134]. Samples containing precipitates o f P-FeSiz were produced by IBS. 
A dose o f 5x1 O'"' Fe cm'^ was implanted at 200keV into n-type Si(lOO) wafers, and then 
subsequently annealed at 900^0 for 18 hours. The precipitates were found to be single 
ciystal and were -40 -6 0  nm in size [89].
Comparative PL measurements using excitation above and below the silicon band gap 
energy allows the identification o f the origin of the luminescence. A 3 mm Si filter and 
short and long wavelength pass filters were used to prevent excitation above the Si band 
edge, thus allowing only the siiicide to be directly excited. To ensure the emission was 
not caused by the excitation o f a Si defect below the band edge a sample with defects 
deliberately introduced was also excited with and without the Si filter. The results 
indicated a massive quenching o f the PL signal when the Si filter was introduced for the 
sample with defects. No such quenching except for that attributed to the reduction of light 
incident, was observed for the sample containing p-FeSiz precipitates. These results 
showed that the luminescence emission observed at 1.5)Lim can be firmly attributed to 
band edge related emission from p-FeSiz.
Direct experimental evidence for the origin of 1.54pm luminescence from IBS P-FeSiz 
precipitates in Si, has been reported by C.Spinella et al. [135]. Si substrates were 
implanted at 250^C with 350 keV Fe ions to doses in the range l-5xlO ’  ^ Fe cm'^, and
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annealed in vacuum for SOO^ ’C for times up to 24 hours. TEM analyses o f the samples 
revealed the presence o f a layered structure consisting o f a band o f small (with a diameter 
<30 nm) highly strained p-FeSiz precipitates, a band o f large (with a diameter <100 nm) 
fully relaxed P-FeSiz precipitates and a band of residual extended defects. By removing 
the small precipitates and then the large precipitates by Ar sputtering, it was concluded 
that the origin o f the luminescence was the larger relaxed precipitates.
Electroluminescence (EL) from Si layers containing precipitates o f P-FeSiz was first 
reported by Leong et ai. [11]. A demonstrator Si/p-FeSiz LED was constructed by 
incorporating direct band gap P-FeSiz in the recombination region adjacent to one side o f 
the depletion region o f a conventional p-n junction diode. The device showed strong EL 
emitting at a wavelength o f 1.5pm when measured at 80K. EL could still be clearly seen 
at room temperature, though a significant reduction in intensity was observed. The peak 
energy o f the EL signal also shifted slightly towards lower energies when the 
measurement temperature was increased, this is as expected for band-edge-related 
emission.
Further work on precipitates has indicated a lowering of the direct band gap with 
decreasing precipitate size [136 ,137] .  Grimaldi et al. [136] reported that optical 
measurements performed on samples containing precipitates o f p-FeSiz produced by low 
dose IBS, showed a direct band gap of about 0.8eV. This band gap value is smaller than 
that generally expected for a continuous layer. They also investigated the origins o f the 
reported luminescence at 1.54 pm (0.81 eV) from precipitates o f P-FeSiz. Preliminary 
electronic band structure calculations were undertaken to try and explain these apparently
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different results. Calculations were also performed to look at the effects of lattice 
distortion on the band gap. As a result of these investigations they suggested that the 
difference in band gap could be attributed to band distortion provided by the lattice strain 
because of the coherent matching to silicon. A reduction in the band gap value for 
samples containing precipitates has also been seen by Kewell et al. [137].
The apparent discrepancy between the calculations and the experimental values obtained 
for the band gap o f P-FeSiz has been discussed by Clark et al. [138]. They report ab initio 
density-functional calculations that take the strain effects o f the lattice mismatch between 
Si and p-FeSiz into consideration. They found that the p-FeSiz band gap is highly 
sensitive to its lattice parameters and therefore to the orientation in which the material is 
grown on Si. The strain dependence o f the band gap nature has also been reported more 
recently by L. Miglio et al. [139,140]. They showed through ab initio calculations, that 
the gap nature in P-FeSiz is turned from indirect to direct when a suitable strain field is 
induced in the structure. Such a lattice deformation corresponds to a full lattice matching 
for the epitaxial relationship P-FeSiz (110)//Si(l 11), which is one o f the most common 
orientations occurring to p-FeSiz precipitates in silicon. The same group also showed by 
predictions how the band gap nature of P-FeSiz could be suitably tailored in 
hetero-epitaxial growth on Si(lOO) substrates where a Si-Ge buffer layer is used to set the 
lattice parameters [141].
One of the latest band structure calculations for p-FeSiz preformed by A.Wakahara et al. 
[142], also predicted a stain induced direct band gap structure for P-FeSiz layers grown on 
Si(lOO) substrates.
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Recently EL at room temperature has been reported [97] for an LED containing P-FeSiz, 
which was fabricated in a different way to that reported by Leong et al. [11]. A novel use 
o f RDE of Fe to form p-FeSiz balls embedded in MBE grown Si, was utilised to fabricate 
Si-p/Si-n structures with p-FeSiz balls at the interface [93-98]. These structures exhibited 
PL at around 1.5 pm, which was seen to be dependent on ball size, with the optimum 
being «100 nm [93]. Further more these structures were then demonstrated as p-FeSiz 
based LEDs, capable of exhibiting EL at room temperature [97].
The group responsible for the first P-FeSiz based LEDs [11], have now shown reliable RT 
EL and have concluded that surface re-combination should be avoided if  EL is to be 
further improved [143,144].
Another area o f P-FeSiz related research that could prove important is Imowledge and 
understanding of the nature and properties of the native oxide. This is important for many 
reasons including: use as a surface passivation or insulating layer and to enable reliable 
bulk p-FeSiz optical data to be obtained by ex-situ ellipsometry [145]. It was concluded 
from studying the optical properties o f native and grown oxides on p-FeSiz layers that the 
oxidation kinetics of p-FeSiz were found to be very similar to those of silicon [145]. 
There were no signs o f iron oxide or segregation of Fe and Si. The results suggest that the 
native oxide o f p-FeSiz is SiOx (x < 2) [145].
The final ‘optical’ analysis technique worth noting (in relation to this dissertation), is the 
use of Fourier Transform Infra-red (FTIR) spectroscopy. FTIR is a technique that has 
been used to identify the modes o f vibration for Fe and Si atoms in p-FeSiz samples. Due
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to the fabrication process dependency o f p-FeSiz properties (see sections 2.4.1-2.4.3), it is 
difficult (especially for poly crystalline samples) to ascertain clear trends within FTIR 
spectra. It is apparent from the literature however that certain modes are expected for 
most p-FeSiz samples. By measuring single crystals o f p-FeSiz and simulations, 
G.Guizzetti et al. [146] have been one o f a number of authors to assign explanations to the 
modes commonly seen in P-FeSiz FTIR spectra. Table 2.5 summaries the identified 
modes.
TABLE 2.5 Summary of FTIR absorption peak positions. 
(After G. Guizzetti et al. [146])
Mode Range 
(Wavenumber cm^)
Assigned
Motion/Interaction
250-270 Fe-Fe
300-350 Si-Fe
just below 400 Si-Fe
beyond 400 Si-Si
2.4.3 Electrical Properties
As with the optical and structural properties of a-FeSiz and p-FeSiz, the electrical 
properties have also been extensively studied. These investigations have shown that the 
electrical characteristics also exhibit a dependency on the fabrication method and post 
fabrication processing. Different fabrication techniques can not only lead to varying 
carrier concentrations and mobilities, but even results in differences in the majority 
carrier type. This section highlights the main electrical measurements made on a  and
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P-FeSiz layers produced by a variety of fabrication processes.
One o f the earliest investigations into the electrical properties of p-FeSiz, was carried out 
by Birldiolz et al. [29]. Measurements o f the electrical conductivity, theimoelectric power 
and Hall coefficient at temperatures ranging from lOOK to 1200K were reported. p-FeSiz 
layers (n-type) produced by doping with cobalt, were found to have a low mobility of 
0.26 cm ^V ’s"’ at room temperature. p-FeSiz layers (p-type) produced by doping with 
aluminium, were found to have a higher mobility of 2 cm ^V ’s"’ at room temperature.
Bost et al. [31] reported p-FeSiz layers to be p-type, unless intentionally doped. The 
apparent hole concentration was measured to be « 2 x 1 cm'^, with a Hall mobility o f 3 
cm V ’s"’.
Following the early reports, a continually growing number o f articles studying the 
electrical properties (especially carrier mobility, concentration and type) o f p-FeSiz layers 
have been published.
A summary of the results contained in these papers is given in Table 2.6.
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TABLE 2.6 Summary of Electrical Properties.
Material & 
Fabrication 
Technique
Doping Material
type
Mobility 
cm^V' s^’^  
(Room Temp)
Hole
concentration
(cm'^ )
References
p-FeSiz converted 
from melt a-FeSiz
Cobalt
Aluminium
n-type
p-type
* 0.26
+ 2 *2x  10'^
[29]
Polycrystalline 
p-FeSiz produced 
by annealing of Fe 
layers on Si
none p-type 3 2 x  10’"
[31]
Polycrystalline 
P-FeSiz produced 
by annealing of Fe 
layers on Si
none p-type 1
[123]
P-FeSiz produced 
by annealing o f Fe 
layers on Si
None p-type
(I-V)
[125]
IBS
Polycrystalline 
P-FeSiz layers
None p-type 1-4
[72]
RTA of Fe +2Si 
deposited layer
p-type 128 2 x 1 0 ’"
[62]
P-FeSiz buried 
layers produced 
by IBS
None
Mn
p-type
p-type
104
90
9 x  10’" 
1.6 X 10’^ [78]
P-FeSiz single 
crystals produced 
by CVT
None
Al
n-type
p-type
1.6-3.6# 
20
1200 (67K)
[104,105,147]
[132]
P-FeSiz produced 
by annealing of 
electron beam 
evaporated 
a-Si-Fe 
multi-layer 
structures
none p-type
n-type
Annealing
dependant
60
112 [148,149]
Polycrystalline 
p-FeSiz -annealing 
o f Electron Beam 
evaporated layers 
from FeSiz ingots
None 
Mn A
n-type
p-type 454.5 (65K) [150]
IB AD (Fe only) none p-type 80(max @ RT) 0.91 X 10’" 
(min @ RT) [46]
Layers of Fe/Si 
deposited by MBE 
with a SiOz 
capping layers
none Conductiontype
dependence
ofSi/Fe
ratio
Pe 6900 (46K) 
n-type 
P h 13000 
(50K) 
p-type
[93-97]
[101,102]
*= Polarons, + = band model, # = two )and model (heavy holes),
A= implanted & annealed
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Studies preformed by Dimitriadis et al. [123], on polycrystalline p-FeSi] layers indicated 
that the conductivity (p-type) was thermally activated at higher temperatures. Mobility 
dependence on measurement temperature was shown to follow the relationship 
at high temperatures, indicating the importance of acoustic phonon scattering. At lower 
temperatures this type of dependence is no longer observed, suggesting a different carrier 
scattering mechanism. The use o f 800®C as a gro^vth temperature (rather than 850 or 
900®C) was seen to give higher conductivity and mobility with a lower carrier 
concentration, i.e. a material o f better quality.
K.Lefld et al. also deduced P-FeSii layers to be intrinsically p-type from current-voltage 
characteristics o f mesa-structures Cr/Fe/FeSi2/Si [125].
Oostra et al. [72] reported the formation o f P-FeSii layers by IBS that appeared to be 
p-type. Below room temperature the mobility curve does not follow the expected 
behaviour for acoustic phonon scattering. This may indicate scattering mechanisms other 
than simple intravalley acoustic phonon scattering below room temperature, as reported 
by Dimitriadis et al. [123]. At RT the mobility is reported to be 1 cm^V'^s’  ^ increasing to 
20-25 cm ^V ’s'* at 77K. Below 77K the mobility showed hardly any temperature 
dependence.
Electrical measurements for P-FeSii layers produced by CVD in a LRP system [128], 
were reported by Regolini et al. [127]. The investigations showed a hole mobility of 
above 50 cm^V'*s‘  ^ (below 40K), with a Hall mobility temperature dependence 
(decreasing from room temperature) o f piH=T'^^.
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Table 2.7 summaries the results from various groups who have investigated the 
measurement temperature dependence o f the carrier mobility in layers of p-FeSi2 .
TABLE 2.7 A summary of the measurement temperature dependence of the carrier 
mobility in layers of P-FeSi].
Fabrication Technique Mobility Temperature 
Dependence
Reference
Polycrystalline p~FeSi2 
produced by annealing o f Fe 
layers on Si
[123]
IBS polycrystalline P-FeSi2 [72]
P-FeSi] grown by CVD in a 
LRP system
[127]
Buried p-FeSi2 layers, 
produced by IBS
Ph=T'^'^ [78]
P"FeSi2 single crystals 
produced by CYT
Pe = r "  (n=1.4-1.5) [104]
Polycrystalline p-FeSi2 
produced by annealing of 
Electron Beam Evaporated 
layers from FeSi2 ingots A
PH =T" (n=2.71-2.52) [150]
A -  implanted with Mn and annealed
Pauli et al. [62] investigated a new method o f producing P-FeSi2 layers, involving the 
RTA of an amorphous but stoichiometric Fe + 2Si film deposited on S i ( l l l ) .  After 
annealing (450®C) it was found that the layer crystallised to form p-FeSi2, which showed 
hetero-epitaxial grain growth on the underlying substrate. Hall measurements (taking into 
account the n-type substrate) were used to measure the electrical properties o f the layer. 
The specific resistivity, the carrier type and concentration, and the mobility were 
measured to be 164 (Qcm)'*, p-type with p=8xl0*^ cm"  ^ and 128 cm^V^s’' (RT) 
respectively. I-V measurements on p-FeSi2/Si heterojunctions showed rectifying
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properties.
Radermacher et al. [75] reported on I-V measurements made on a-FeS i2 /S i ( l l l )  n-type 
interfaces. The application of thermionic emission theory to the results indicates a 
relatively high Schottky barrier height o f Ob=0.84±0.03 eV. Further work on continuous 
layers of a-FeSiz produced by high dose Fe implantation into S i ( l l l )  and annealing at 
1050^C for 10 seconds was also reported by the same group [76]. The specific resistivity 
o f the layer was measured to be «225 pQcm, which decreases as the measurement 
temperature decreased.
Radermacher et al. [78] also reported on the electrical properties o f buried P-FeSii layers, 
produced by IBS (2.8x10^^ Fe^cm'^ at 200keV) and two-step annealing [74]. At room 
temperature hole mobilities of ph ^  104 cm^V'^s"\ with hole concentrations o f 9x10*^ 
cm'^ were measured. By implanting with a p-type dopant Mn (concentration o f 1 %) hole 
concentrations were increased to 1.6x10^^ cm’^ , with a hole mobility of |Ih~90 cm^V'^s'\ 
A temperature dependence o f the hole mobility was observed in both samples. By 
decreasing the temperature, mobilities increased proportional to T^^, characteristic of 
acoustic-phonon interactions. A maximum in p,H was seen at about 90K, after which it 
decreases rapidly with temperature due to impurity scattering.
K.J.Reeson et al. studied a  and p-FeSii/n-Si structures fabricated by IBS. A sufficiently 
large dose was implanted to ensure that the FeS^ layer extended almost to the surface 
[89]. p-FeSiz/n-Si structures were found to form near ideal p+/-n hetero-junctions with 
Si(l 00) for T>150K. The effective barrier height is equal to 0.67eV ±0.05 eV for T>150K,
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w ith ideality factor of 1.05. This indicates that thermionic emission is the main 
conduction mechanism across the barrier. As the temperature is decreased the ideality 
factor increases, which points towards other mechanisms being involved in the current 
transport across the barrier. a-FeSiz/n-Si structures were found to form near ideal 
Schottky barriers with Si(lOO) at 293K. The effective barrier height at 293K was 0.59 
±0.0leV  with an ideality factor o f 1.06, again indicating that thermionic emission is the 
main conduction process across the barrier, in contrast to the results published by 
Radermacher et al. [74,78].
M.Dôscher et al. [151] have reported the formation of pn-P-FeSii-homojunctions that 
showed rectifying behaviour. The devices were fabricated by rapid thermal crystallisation 
o f amoiphous iron disilicide thin films deposited on silicon substrates in a RF sputtering 
technique (with the conductivity o f the layers controlled by RF process parameters).
Arushanov et al. [104] reported on the Hall effect in P-FeSiz single crystals, grown by 
CVT. The Hall coefficient was shown to have a strong dependence on magnetic field, 
with a strong decrease seen for increasing magnetic field. This is ascribed to the presence 
o f two types o f charge carrier (two band model), light and heavy electrons. A mobility o f 
1.6-3.6 cm^V^s'* for heavy holes was reported at 300K, with an increase by more than 
one order o f magnitude at 30K. At low temperatures (32K) a mobility o f pn==48 cm^v'^s'* 
attributed to heavy electrons, was measured. The electron mobility varies with 
temperature as T ", where n=1.4-1.5 suggesting that phonon scattering dominates in the 
n-type crystals studied.
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Further work by the same group on single crystals of P-FeSi2 implanted with A1 to form 
p-type single crystals, showed that the mobility of the holes reached a maximum of 
Hp=1200 cm ^V’s'* at 67K. At room temperature this value decreased to p,p«20 cm ^V ’s'* 
[105,147]. A more detailed investigation o f the band structure o f p-FeSi2 was conducted 
by photoconductivity measurements on n-type CVT grown crystals. A hole mobility 
value o f 31 cm^V^s'^ at RT given from theory based on this investigation, is in good 
agreement with that previously reported [132].
The electrical properties o f single crystal layers and polycrystalline layers have been 
compared by Herion et al. [106]. The maximum mobility was found between 3OK and 
5OK and was shown to be dependant on the sample quality. Or doped (p-type-single 
crystal or polycrystalline) needles were found to have higher mobility than Co doped 
(n-type) ones. The carrier concentration attained a minimum value o f 10*  ^cm"^ for single 
crystals whereas for poly crystalline layers it ranged from 10‘  ^to 10^  ^cm'^ depending on 
the film structure.
Tassis et al. [148,149] performed Hall measurements on high quality p-FeSi2 thin films 
on Si(lOO) substrates. The films were deposited at Ultra High Vacuum (UHV) (at 10'^ 
Torr) by evaporating a-Si/Fe multilayers by electron beam. They were then annealed by 
conventional vacuum furnace (1 hour) and RTA techniques (30s). Both annealing 
techniques were used to anneal samples at 600, 700 and 800^C. All o f the samples 
exhibited p-type behaviour apart from the two highest RTA annealed samples, which 
showed n-type behaviour. The highest mobility reported was 112 cm^V'*s'^ for the 800^C 
RTA annealed sample (n-type). The highest reported mobility value for p-type layers was
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60 cm V ^ s’^
S. Brehme et al. [107] reported Hall effect and resistivity measurements for undoped and 
Cr doped thin p-FeSi2 films, produced by MBE (co-evaporating Fe and Si) utilising the 
template method [152]. Single crystals grown by CVT were also investigated for 
comparison [108]. They reported that Hall-effect data taken at RT, in general, is strongly 
influenced by the substrate. The layer appeared to be p-type when unintentionally doped. 
The resistivity o f the thin films was considerably lower than that o f the single crystal 
samples, indicating higher defect densities in the former.
The two-band model proposed by Arushanov et al. [104,105,132,147] to describe the 
anomalous Hall effect has been questioned by other authors, due to its lack o f quantitative 
agreement [153]. S. Brehem et al. discuss this anomalous effect, and have proposed that it 
arises from deviations from the ideal p-FeSi2 structure [107].
Layers o f p-FeSi2 grown by the annealing o f EBD layers from FeSi2 ingots on Si(lOO) 
have been shown to be n-type. Layers of p-type P-FeSi2 were grown by the introduction 
o f Mn impurities using ion-implantation at RT and 250^C, and subsequently annealed 
[150]. The maximum hole mobility reported was 454.5 cm^V'^s'* at 65K for p-type layers 
implanted at RT. Layers that were implanted at 250°C were seen to have lower maximum 
mobility o f 156.35 cm^V^s at 7OK.
An investigation into the temperature dependence of the mobility found that from 300 to 
80K the mobility increased proportional to T " where n=2.71-2.52. This differs to that
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reported by Dimitriadis et al. [123] who saw a dependence in the mobility. These 
results suggest that various scattering mechanisms, such as polar and non-polar optical 
phonon scattering rather than acoustic phonon scattering, exists when Mn atoms are used 
to dope these layers. The results indicate that lower implant temperatures and higher 
annealing temperatures result in better quality material. Further work by the same group 
[154] studied the rectification properties o f Mn-doped P-FeSi2/n-Si samples. C-V and 
I-V measurements showed the formation o f p/n junction diodes. The built in voltage (Vbi) 
was measured to be 0.34eV.
Suemasu et al. [93-98] have reported the formation o f p~FeSi2 balls by RDE, which are 
embedded into a p-n Si structure grown by MBE. These structures have shown very 
promising PL and EL results. See section 2.4.2. They have also recently reported the 
highest value o f mobilities measured for p-FeSi2 . Annealing of Fe/Si structures that were 
deposited on to a p-FeSi2 template and capped with SiÛ2 was utilised to formed 
continuous layers. To date this work represents the highest reported values o f mobility for 
p-FeSi2 layers, with maximum values for electron mobilities o f 6900 cm^V‘^s'’(46K) and 
hole mobilities of 13000 cm^V'^s’’ (50K),
The control o f the conduction type o f non-doped high mobility p-FeSi2 films grown from 
Si/Fe multi-layers, has been reported by Takakura et al. [101-102]. MBE was used to 
grow Si/Fe multi-layers with different Si/Fe ratios (1.6-2.0) on Si(lOO). Annealing o f 
these structures resulted in the growth o f highly ordered P-FeSi2 layers, the majority 
carrier type o f  which was then measured. The results indicated that reducing the Si/Fe 
ratio from the stoichiometric value, results in a change from n-type to p-type, suggesting
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that the conduction type is governed by stoichiometry.
There have been numerous studies into the mobility parameters for p~FeSi2 
layers/crystals, which have resulted in a variety o f values being quoted. See Table 2.4. It 
is however apparent that even though these values are strongly dependent on the 
fabrication process, the values reported for mobility (especially the latest results) are far 
larger than those predicted by N. E. Christensen [118]. In their work it was suggested that 
p-FeSi2 is characterised by low hole mobilities (25-50 cm^V'^s'^) that are as a 
consequence of strong electron-phonon scattering at the band edges, which would keep 
mobility values low for even pui'e p-FeSi2 samples. The most resent results [98] however 
seem to suggest that the conclusions o f N. E. Christensen [118] are not necessarily correct. 
It is therefore now hopeful that further improvements in the fabrication process could lead 
to enhanced electrical properties.
2.5 Ion Beam Assisted Deposition of p-FeSiz
IB AD of p~FeSi2 involves the use o f an ion beam to sputter a target o f Fe or Fe/Si onto a 
Si substrate [42-46]. A second ion beam can also be used to bombard the surface of the 
substrate during growth. This technique is discussed further in chapter 4 experimental 
methods.
The use of IB AD to deposit layers of semiconductors has been widely investigated for a 
number of material systems [155]. These investigations have included Fe-Si interactions,
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however only a limited proportion o f this work has concentrated on the formation o f 
P-FeSiz.
A.Terrasi et al. [43] were among the first to investigate the effects o f ion beam 
bombardment during the sputtering of Fe (0.08 nm s'^) on to heated Si substrates 
(400-500^C, pressure 3-4x10“^  Torr). A 200 eV Ar beam with an Ar ion to Fe atom ratio 
(lAr/Ape) o f 0.04 was used for the bombardment. Polycrystalline FeSi was seen to form at 
400°C, while partially epitaxial P-FeSiz was obtained after deposition at 500^C. A 
reduction in the average grain size for both phases was seen, and attributed to the 
enhancement o f the nucléation process by the incident ion beam. A comparison between 
IB AD and non-IB AD films showed an enhanced epitaxial fraction for IB AD films, which 
was attributed to an increased nucléation rate. This was suggested to be as a consequence 
o f the grain size reduction, resulting in more efficient grain boundary diffusion to the 
surface.
Further work by the same group [44-45] went on to investigate the effect o f the 
parameters o f the bombarding beam on layer formation. Fe layers were sputtered onto Si 
substrates held at 600®C, in a vacuum of 3 - 4 x 1 Torr. A study by RBS o f layer 
composition formed with and without IB AD showed no remarkable differences. It 
therefore seems that the incoming ions do not affect the kinetics of the compound 
formation, and that the Fe sputtering is negligible in this regime. A sputtering rate o f 0.7 
Fe atoms per Ar ion [156] was measured in this energy range, assuming a value o f 1-2 Si 
atoms per Ar ion, the flux of Si diffusion to the surface at 600°C is sufficient to prevent 
significant Fe sputtering.
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The energy of the second Ar beam was varied from 100 eV to 650 eV whilst keeping 
lAr/Ape constant at 0.11. For energies up to and including 500 eV a reduction in layer 
roughness was seen, this was accompanied by a decrease in grain size. Lowering the 
W Ape to 0.03 resulted in a reduction in the size of the pinholes created.
The observed behaviour o f layer growth was attributed to both interface and surface 
effects of the ion beam. Defects at the interface were suggested as nucléation centers, 
leading to a reduction in grain size. Removal o f big protrusions by sputtering resulted in a 
smoother surface.
N.RBarradas et al. have reported IB AD formation of P-FeSiz, the Ar bombardment 
energy was varied between 200 and 1000 eV and the Ur/Ape rate was varied between 0.15 
and 0.70. P-FeSiz layers were formed on substrate held at a temperature o f 700®C, by 
sputtering a Fe only target at a pressure of 3.7x10'"* mbar. Optimum improvements in the 
deposited layer were seen with low values o f beam energy (200 eV) and Ur/Ape ratio 
(0.15) [46]. Contrary to the work published by A.Terrasi et al. [43-45] reduction in the 
grain size was not seen, and thus not attributed as the cause for improvement in film 
quality. An alternative explanation was given based on surface contamination creating 
nucléation centres independently of the incident beam. The benefits o f the IB AD process 
to sample structure was thus attributed to the enhanced surface mobility o f the atoms 
induced by the bombardment and to the removal of overhanging adatoms.
N.RBarradas et al. [46] have been one of the only groups to report on the electrical 
properties o f p-FeSiz films grown by IB AD. In all cases the layers o f p-FeSiz were found
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to be p-type, all IB AD layers exhibited a lower mobility (29-60 cm^V's"^) than a 
“control” non-IB AD (60 cm ^V ’s"’) sample. For IB AD samples, the lowest energy and 
Iat/AFc ratio provided the highest mobility values.
The I-V characteristics of a number of IB AD and non-IB AD samples were investigated. 
The ideality factor for the voltage range O.IV was found to be between 1.3 and 1.4 for 
non-IB AD and low IB AD samples. Increasing the voltage range saw a large increase in 
ideality factor, which points to an internal resistance that acts as a limiting factor at high 
current densities. The lowest reverse leakage currents reported for IB AD samples (energy 
200 eV Ar, WApe = 0.5) and non-IB AD samples were 2.2+0.5x10"^ A and 3 ±0.5x10"^ A 
respectively. The high values o f leakage current were attributed to imperfections at the 
silicide and silicon heterojunction.
The use o f ion bombardment has also been used during p-FeSiz film formation by the 
CO-sputtering of Fe and Si, [42] and contrasted to layers formed by Fe sputtering alone 
[43-46]. In this study a range o f deposited layers (at 200®C, pressure o f 2x10"^ Pa) was 
investigated, layer compositions included Fe, FeSi (Fe:Si, 1:1) and FeSiz (Fe:Si, 1:2). In 
some cases a second 100 eV Ar beam was used to “assist” the growth. After deposition all 
the samples were annealed at 800^C in Ar at a pressure o f 100 Pa for 2 hours. For all the 
films studied a band gap between 0.82-0.85 eV was indicated by room temperature 
spectral transmittance data [42]. IB AD formed P-FeSiz films showed an improvement in 
composition uniformity and a reduction in the oxygen content in the films [42].
The co-sputtering of Fe and Si was seen to be advantageous in improving film quality
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compared to Fe alone, as it reduces or avoids silicon diffusion from the substrate. The use 
o f IB AD was however shown to increase the Fe content o f the layers formed in 
comparison to similar unbombarded layers.
The most recent report on using IB AD (no second beam used -  See chapter 4 
experimental details) to form p-FeSiz, used XRD to investigate the growth of films at 600, 
700 and 800®C [157]. For an Fe only sputtering target 700^C was sufficient to form a layer 
o f p-FeSiz, increasing the temperature led to the formation o f a-FeSiz and P-FeSiz. For an 
amorphous FeSiz sputtering target a-FeSiz was found to be present at all o f the deposition 
temperatures investigated.
The formation o f ternary Fe Co silicides by IB AD and ion implantation has been 
published [158]. It was reported that the inclusion of Co by ion implantation into IB AD 
formed p-FeSiz, could be achieved by implantation at 400°C followed by annealing at 
800^C to ensure a homogeneous cobalt depth distribution. A final transformation anneal 
is however required to form the p-phase. This is necessary, as the layer has transformed 
from p to a  phase due to the lowering of the transition temperature by the inclusion o f Co 
[159].
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2.6 Solar Cells containing p-FeSiz
The optical properties highlighted in section 2.4.2 indicate the suitability of P-FeSiz for 
opto-electronic applications. One such application is solar cells. The first efficient solar 
cell was developed in 1954 [160]. The first practical use o f this new technology came 
from the space industry in 1958, however it was not until the early 1970’s that terrestrial 
use was re-examined [161]. From this small beginning, rapid growth over recent years 
has resulted in a market worth over US$ 1 billion per year sales [162].
The first generation o f solar cells were based on Si wafer technology, however the future 
o f solar cell technology belongs to ‘thin films’ that can be deposited on to a variety o f  
substrates including glass. Other approaches that have attracted attention for solar devices 
have included amorphous Si and polycrystalline compound semiconductors [160].
Numerous semiconductors have been investigated as suitable candidates for solar cell 
applications. In this age o f ‘environmental awareness’ other factors not only efficiency 
are becoming very important when choosing materials for the next generation of devices. 
Materials suitability is one o f these ‘environmental awareness’ factors that need to be 
considered when discussing the mass-production of solar cells. High efficiency can be 
achieved with thin film solar cells fabricated from InP, but the lifetime as a natural 
resource is suggested to be in the order of 10-15 years [163]. p-FeSiz is composed o f two 
of the most abundant and relatively non-toxic chemical elements, and thus from a 
materials point o f view is highly desirable [163].
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Theoretical predictions yield a conversion efficiency o f 23% [63] for solar cells made 
from p-FeSii. If this is compared to the highest confirmed solar cell efficiencies [164], 
which indicates an efficiency of 32.6% for GaAs/GaSb multi-junction cells, the use of 
P-FeSi2 appears very promising.
Reported values by many groups [9,31,32] indicate a high optical absorption coefficient. 
Figure 2.6 shows the absorption coefficient (a) for P-FeSi2 compared to other solar-cell 
materials. These results indicate a high absorption coefficient (10^ cm'*) over a wide 
range o f wavelengths, stretching from photon energies o f 0.6eV and above. This results in 
the possibility of generating a photovoltaic voltage across a wider range o f the light 
spectrum.
FIGURE 2.6 Optical absorption spectra of p-FeSii compared to various other
material used in solar cell fabrication, showing the high absorption 
values of P-FeSi;. (after Makita [163])
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These features are particularly advantageous when producing low-cost solar cells, since 
high optical absorption leads to a reduction in film thicloiess, and thus minimises the
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fabrication energy. This said the published literature on solar cell devices or properties 
using P-FeSii are limited.
Leki et al. [125] compared the reverse current density as a function o f reverse bias voltage 
of illuminated and non-illuminated p-n junctions. The devices were formed by depositing 
a thin layer o f P-FeSii (180 Â) on to n-type substrates, which was in turn capped by a 
layer o f Fe and chromium. The measurements showed that for samples under illumination 
a net decrease in the reverse current occurred. This was attributed to the existence o f a 
depletion layer in the anisotype heterojunction between the p-type p-FeSi2 and Si(n). 
Under illumination, caiTiers are created in this depletion region and the field gives rise to 
a current in the opposite direction to that due to the applied voltage. It was concluded that 
the contribution o f the silicide layer to this photovoltaic effect was probably negligible 
due to its small thickness. Further work by the same group [165] studied the photoelectric 
properties of thicker layers o f P-FeSi2 (2500Â) on Si substrates, and observed a maximum 
in the photocurrent was at the band gap of p-FeSi2 .
Arushanove et al. [147] investigated the photoconductivity of [3-FeSi2 needle like crystals 
grown by CVT, which were found to be n-type when undoped. A photoconductivity 
spectrum was taken from 0.75-1.5eV in the temperature range 80-300K. The spectrum 
showed five peak features at 0.86eV, 0.94eV, 0.99eV, 1.07eV and 1.27eV. These peaks 
show that the Si and p-FeSi2 band edges are both contributing to the photocurrent.
M.Libezny et al. [166] compared the junction formed between layers o f (3-FeSi2 and Si 
fabricated by three different techniques. The three techniques investigated were (1) Fe
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sputtering and combined rapid thermal and conventional annealing; (2) Fe-Si 
co-evaporation and subsequent annealing; (3) MBE growth of (3-FeSi2 layers by 
co-deposition at an elevated temperature. C-V, dark and illuminated I-V and 
photoresponse measurements were performed on these junctions, in order to evaluate 
their potential for use in photovoltaic applications.
Below the Si band edge (1.1 eV) the photoresponse for an MBE grown (3-FeSi2/Si 
structure showed a maximum peak at 0.85eV, when the front was illuminated. A 
reduction in the photoresponse at energies above 0.85eV was explained by the 
photocarriers not being able to diffuse towards the junction. The diffusion length was 
estimated to be 50 nm. This reduction was not seen when the back of the device was 
illuminated. C-V measurements indicated a large concentration of recombination centres 
at the interface. A strong dependency o f the photoresponse on the Fe:Si ratio was also 
observed. This preliminary investigation of the photoresponse of (3-FeSi2/Si structures 
suggests that an improvement in material quality is essential for achieving efficient solar 
cell devices.
Okajama et al. [167] have investigated the optical and electrical properties o f p-FeSi2/Si 
and p-FeSi2/InP heterojunctions prepared by RF-sputtering deposition. The aim o f this 
was to produce materials suitable for solar cell applications.
For p-FeSix/Si structures a dependence o f the fundamental optical band gap on the values 
o f X was reported, increasing the value o f x was seen to increase the band gap value. The 
open circuit Voltage (Voc) was measured and found to be around 40 mV. A study o f the
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photoelectric yield enabled the photoemission thresholds to be calculated, which 
suggested that a deep level trap existed on the interface and a large discontinuity (AEc) of 
the conduction band was formed. Voc was shown to be independent o f the substrate 
temperature during deposition, however the short-circuit current density (Jsc) increased as 
the temperature increased.
With the aim o f reducing the value o f AEc and thus improving Voc, p-FeSia/InP 
hetero-junctions were investigated due to the electron affinity o f InP (4.4eV) being bigger 
than that o f silicon (4.01 eV). Both p and n type InP substrates were investigated, however 
only P-FeSii/p-InP structures were seen to give rectifying characteristics. For these 
structures a Vqc o f 450 mV was measured, though the maximum Jsc value was only 40 
pAcm'^.
Y. Maeda et al. [110] have studied the photoelectric properties o f IBS p-FeSi2/n-Si(001) 
diodes. Figure 2.7 shows the spectral response of an IBS p-FeSi2/n-Si(001) diode as a 
function o f annealing temperature.
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FIGURE 2.7 Photoresponse of IBS polycrystalline p-FeSi2/n-Si(001) diodes as a 
function of annealing temperature (After Y.Maeda et al. [110])
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The response in the region A (hv<0.8eV) corresponds to photocurrent due to internal 
photoelectrical emission o f electrons trapped at mid-gap states into the depletion region 
that extends into the substrate. The response in region B (0.8eV <hv<l.leV ) is attributed 
to transitions between the top of the valence band and the bottom o f the conduction band. 
The photoresponse at the assumed direct band edge (Eg= 0.8-0.82eV) is shown to sharpen 
with increased annealing time. The maximum photoelectric quantum efficiency was 
reported as 32%.
Galkin et al. [168] have conducted one of the latest investigations into the photoelectric 
properties o f p-FeSi2 . Photoelectric studies o f p-FeSiz/Si heterostructures showed two 
local maxima in the energy range o f 0.65-3.1 eV, the first maximum yield connected with 
fundamental transition was at 0.82-0.88 eV while the second direct interband transition 
was at 1.17-1.2 eV.
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Chapter 3 
Theory
3.1. Introduction
The aim o f this work is to evaluate the use of IB AD to form |3-FeSi2 layers. The 
underlying theories that provide the basis for these experimental investigations are 
discussed in this chapter.
Firstly, the study o f the fundamental absorption that enables the characterisation o f the 
band gap nature and size is discussed. Initially the models representing direct and indirect 
absorption and the measurement temperature dependence of the band gap are considered, 
this is followed by a discussion regarding absorption underneath the fundamental edge 
and the models used to describe it for many amorphous and ciystalline materials.
Secondly, the theories behind basic solar cell structures are highlighted. Initially the 
formation o f a basic p-n junction (homojunctions and hetero-junctions) is reviewed,
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following this the operation and ‘figures o f merit’ for a p-n junction solar cell structure 
are discussed.
The purpose o f this section is to provide a theoretical base from which to interpret and 
manipulate the data, whilst placing the results and conclusions in context.
3.2. The absorption process in semiconductors
3.2.1. Fundamental absorption relating to indirect and direct transitions
The energy gap of a semiconductor can be determined from the fundamental absorption, 
which refers to valence band to conduction band transitions. These transitions arise from 
the optical excitation of an electron from the valence band to the conduction band.
Fundamental absorption is detected as a rapid rise in absorption coefficient, and can be 
used to determine the forbidden energy gap (Eg). This is achieved by plotting the 
absorption coefficient (a ) against photon energy, and then applying the correct physical 
model.
The absolution coefficient for a given photon energy (hv) is proportional to the 
probability (P jf)  for the transition from the initial state to the final state, the density of 
electrons in the initial state (Ui), and also to the density o f available (empty) final states 
(Uf). It is therefore possible for a  to be written as shown (Equ.3.1), by summing up all the 
possible transitions between the states separated by an energy difference o f hv [1].
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a{hv)^ AY,P^j-n-n^
Figure 3.1 (a) shows the absorption transition between two direct valleys where all the 
momentum-conserving transitions are allowed.
FIGURE 3.1 Absorption transitions in (a) a direct band structure and (b) an
indirect band structure. Eg + Ep and Eg -  Ep represent the indirect 
transitions involving phonon emission and absorption, respectively, 
(after Pankove [1])
g —-
A "
This results in the transition probability (Pif) being independent o f the photon energy. For 
paiabolic bands the initial state (Ej) and the final state (Ef) aie given by [1]:
Egw.(3.2)
2mh
Equ.Q.y)
where m% and m h are the effective mass o f an electron and hole respectively, k is 
Boltzmann’s constant, h is Dirac’s constant and Eg is the direct gap energy.
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The absorption coefficient is therefore given by:[l]
a{hv) = j t  {hv -  E   ^^g Equ.Q A)
where A is given by:
q
A* «
* *
* *m , •vm o
\ 3 / 2
nchm[ Equ.{3.5)
where q is electron charge, n is the refractive index, c is velocity o f light in vacuum and h 
is Planck’s constant.
A band gap energy for a direct transition can therefore be obtained by plotting the square 
o f the absorption coefficient against the photon energy and linearly extrapolating to the x 
axis.
For indirect transitions between valleys, a change in both energy and momentum is 
required. A phonon interaction is therefore necessary to conserve momentum. Figure 
3.1 (b) shows the absorption transitions in an indirect band structure. There is a wide range 
o f phonons available (characterised by an energy Ep), however they must have the desired 
change in momentum to be o f any use. Through the absorption (hva) or emission (hve) of 
a phonon with the desired energy (Ep), conservation of momentum is achieved. These 
two process are given respectively by [1]:
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hv = E r —E . + E  
hv - E  r - E . - E(3 /  f
Equ.{3.6)
Equ.{3.7)
In indirect transitions, all the occupied states o f the valence band can connect to all the 
empty states of the conduction band. The number of phonons is given by Bose-Einstein 
statistics [1]:
N  =p
exp EkTV y
Equ.(3.K)
1
When hv > Eg + Ep both emission and absorption of a phonon is possible, thus the 
absorption coefficient is given by [1]:
a{hv)= Of (/2v)+ [hv)
where
Equ.(3.9)
a (hv) —
IA\hv - E  - Eg  p_/  7-, \
l-exp kT\  /
aj^hv)=
A \ h v - E ^ + E \
exp EkTV /
for hv> E +EJ g  p
for h v > E  - EJ g  p
Equ.{3AQi)
Equ.{3.\\)
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The indirect band gap energy can be obtained by plotting against photon energy (Fig. 
3.2). By extrapolating this graph to a  =0, which yields values o f Eg -  Ep and Eg +Ep, a 
value for Eg can be obtained [1].
FIGURE 3.2 The square root of the absorption coefficient vs photon energy at two 
different temperatures. Eg + Ep and Eg -  Ep obtained by linear
extrapolation to = 0.(after Pankove [1])
3.2.2. Band gap dependency on temperature
There are two contributions to the variation o f energy gap w ith temperature: the 
electron-phonon interaction and thermal dilatation of the lattice. The temperature 
coefficient of the energy gap at constant pressure can be written [2] :
dEg
dT
'  ^dEg\ _^{dEg'^ 
>V ^P dT dP T
Equ.{3.12)
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where (3 is the coefficient o f volume expansion and % is the volume compressibility. The 
electron-phonon interaction is the sole contributor to the first term while the second is the 
result o f thermal expansion of the lattice. The latter can be neglected due to its limited 
contribution [1]. The Varshni relationship (Equ.3.13) can be used to model a band gap 
dependence on temperature that is dominated by electron-phonon interactions [2]:
Eg = Eg (o)- Equ.Q. 13)
where Eg(0) is the energy gap at OK, a is an empirical constant, and 0 is approximately the 
0 K Debye temperature. The assignment of an accurate value to 0 by this technique is 
dependant upon the use o f reliable energy gap data at both low and high temperatures, 
while a  can be derived reasonably accurately from high-temperature results alone [3]. 
The suitability of the Varshni relationship is therefore questioned [4].
Different approaches used to model this band gap dependence on temperature have been 
suggested, two such examples are the Einstein-model [5] and the Thermodynamic model
[4].
The Einstein Model [5]:
exp T\  J
1
where 0 e is the Einstein temperature and K  a temperature-independent constant.
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The Thermodynamic model [4] :
E^{T)=E^{0)-S{hco coth h c o2kT
\ \ ‘-1 
/  /
Egu.(3.15)
Where S is a dimensionless phonon-electron coupling constant, (^co) is the average 
phonon energy and k is the Boltzmann’s constant.
Hovyever we note that equ. 3.14 and 3.15 are in fact mathematically identical, this can 
shown by rewriting coth (x) in terms of exponential functions. This enables the 
parameters for both models to be obtained by fitting only one expression, as detailed 
below:
Rewriting equ. 3.15 in terms o f exponential functions gives:
1Eg{T)=Eg{0)-S{ho}] Equ.(3A6)
w h ere  % =  ^ ho) ^a k T ,
Eg{T)=Eg{0)-S[hai,
E (r )= £’ g  ^ ’ 2x ,C — 1
E quE 3\l)
E q u .{3 .\Z )
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Comparing equations 3.18 and 3.14 indicates equations 3.14 and 3.15 aie mathematically 
identical with the following relationship between constants;
(h c t ) )= 0 ^ x k  E qu.(3 A 9 )
Where k = Boltzmann’s constant 
0E = Einstein temperature 
(hco) = ayerage phonon energy
K
2 ( h c o ^
Equ.(3.20)
Where K = a temperature independent
constant (The Einstein Model)
S = a dimensionless coupling (electron- 
phonon)constant 
(The Thermodynamic Model)
(h©) = ayerage phonon energy
3.3. Absorption underneath the fundamental edge
3.3.1. Urbach tail analysis
For materials exhibiting direct transitions between parabolic bands, no significant 
absorption underneath the energy gap is expected. In practice however significant 
absorption in seen underneath the fundamental edge in a number of materials [6]. This is 
attributed to band states forced into the forbidden gap (band tails) [2].
Band tails can be caused by the coalescing o f impurity bands into the main band edges, 
internal electric fields within the crystal, deformation of the lattice due to strain caused by
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the presence o f imperfections and inelastic scattering of charge carriers by phonons [2], 
The latter o f these causes is applicable to many crystalline and amorphous 
semiconductors, where absorption underneath the fundamental edge has been seen. This 
absorption is referred to as the Urbach-Martienssen absorption edge [7,8] or Urbach tail
[9].
A typical expression for an Urbach tail in many amorphous and crystalline materials is 
given by equ (3.21) [9]:
a  = a^ exp g
\
E q u .{3 .2 \)
Where E =hv is the photon energy. Eg is comparable to the band gap energy, and Eo an 
inverse logarithmic slope of the absorption coefficient, the latter two parameters being 
temperature dependent.
It has been shown theoretically and experimentally that this exponential edge 
characterised by the width Eo aiises from both static structural and dynamic phonon 
disorders [9]. The following sections outline the stages involved in analysing the Urbach 
tail.
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3.4. Urbach tail
The determination of the band gap from the a} plot, as detailed in section (3.2.1.), enables 
the identification of the Urbach tail region. This is shown in figure 3.3.
To ensure that any Urbach tail analysis is applicable, the absorption below the 
fundamental edge needs to be confirmed as exponential. This is achieved by plotting In
(a ) against energy and checking for linearity or the successful fitting o f the raw data ( a  vs. 
energy) with equ. (3.21). The validity of the values extracted from the Urbach tail 
analysis is therefore dependent on the successful confirmation o f the exponential nature 
of the absorption coefficient underneath the fundamental edge.
FIGURE 3.3 Urbach tail region of absorption spectra for many amorphous and 
crystalline semiconductors, caused by band edge states in the 
forbidden energy gap Eg.
Cu
Urbach Tail 
Intensity (a^)
X
x/e
E n e r g y  (eV )
BandUrbach Tail
width (Eq) (^g)
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Figure 3.4 shows the successful fitting o f (a  vs. energy) data from a typical p-FeSi] 
sample with equ. (3.21).
FIGURE 3.4 The absorption coefficient as a function of energy for a sample from
FeSi-3 with 31%Fe annealed at 900^C for 10 minutes, showing the 
successful fitting with the Urbach Tail expression.
(Equation 3.21) Data = 0 , Model = —
3.5
2.5
8!X
1
□ Data 
—  model
Band gap
0.5
0.88 0.89
Energy (eV )
During Urbach tail analysis within this dissertation, the first stage (shown in Fig 3.4) will 
always be used to confirm a reasonable fit to equation 3.21 before parameters are 
extracted, it will not however been shown.
The Urbach tail is characterised by two parameters, the tail width Eo and intensity «o- 
These are discussed in the following sections.
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3.4.1. Urbach tail width (Eo)
The Urbach tail width is the energy in eV for the Urbach tail to drop by a value o f 1/e, as 
illustrated on in figure 3.3. E q is a direct measure of the temperature induced disorder for 
high quality crystalline semiconductors. For amorphous or highly doped material, E q 
becomes larger because of structural disorder [9].
3.4.2. Urbach Tail Intensity ao
The intensity of the Urbach tail is measured at the band gap energy. This can be used to 
calculate the density of states introduced into the forbidden gap. Figure 3.5(a) shows 
transitions between direct parabolic bands that result in a fundamental absorption edge 
characterised by Eg [1,2]. However if  band states are forced into the forbidden gap as 
shown in figure 3.5(b), then transitions can occur between these tails resulting in 
absorption underneath the fundamental edge [1,2].
For intrinsic or moderately doped semiconductors, absorption underneath the 
fundamental edge is attributed to transitions between the tail states. Under these 
conditions it is impossible to deconvolve the contribution from the individual band tails. 
If however the semiconductor is carefully doped, it becomes possible to isolate the 
different tail contributions, as shown in figure 3.6(a) & (b) [2].
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FIGURE 3.5 Density of state diagrams for intrinsic or lightly doped
semiconductors showing (a) band to band absorption (b) absorption 
due to introduced tail states in the forbidden gap. (after Pankove 
[1] and Moss et al. [2])
EnergyEnergy Conduction
Band
Conduction
Band
CB Tail
Band to band 
Fundamental 
Absorption Absorption 
due to tail 
states
VB Tail
Valence Band Valence Band
(^) Density o f(a) Density o f
States States
By carefully doping semiconductors p-type, the strongest optical transition will be 
initiated from the top of the valence band, and the absorption tail that is observed is 
primarily dependant on the density o f States in the donor tail [1]. (Figure].6(a)) In 
addition to this if  a semiconductor is carefully doped n-type the acceptor tail states 
dominate the absorption edge, which enabling the probing of the acceptor tail within the 
forbidden edge [1]. (Figure].6(b))
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FIGURE 3.6 Density of state diagrams showing transitions between band tail 
states (a) p-type (b) n-type. (after Moss et al. [2])
Energy p-type
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The joint density o f States (DOS) contained in the band edge tails can be estimated by 
integrating (between -oo and Eg) the Urbach tail expression (equ. 3.21). It is therefore 
found that the convoluted density of states in the VBT and CBT is proportional to the 
following expression:
Eg
D05'(E) oc f or^exp
E -E
—  00
g d { E - E  ) Equ.0.22)
DOS(E) cca^xE^
Where Eg =
ao = 
Eo =
band gap energy 
Urbach tail intensity 
Urbach tail width
Equ.{3.23)
94
Chapter 3 Theory
3.5 Solar Cells
3.5.1 Introduction
The simplest solar cell device consists of a p-n junction, a front Ohmic contact strip and 
fingers and a back Ohmic contact that covers the entire back surface, as shown in figure 
3.7.
FIGURE 3.7 A schematic diagram of a basic solar cell device.
Ohmic front 
contact
Ohmic
p-type
n-type
backcontact
The characteristics of a solar cell can be drastically improved by modifying this basic 
design however for the purpose o f this section, the simplest design will suffice. To enable 
a discussion about the fundamental characteristics of solar cells it is first necessary to 
review the basic p-n junction.
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3.5.2 p-n Junctions 
Homo-junctions
The formation of a p-n junction, by the intimate coupling o f p-doped and n-doped 
semiconducting material of the same type, results in a device with the band diagram 
shown in figure 3.8 In thermal equilibrium the net current flow across the junction is zero, 
with the drift cuiTent (caused by the electric field) being equal to that o f the diffusion 
current (caused by the carrier concentration gradient) in opposite directions. The hole 
drift current is from n-type semiconductor to p-type semiconductor, and hole diffusion 
cuiTent is from p-type semiconductor to n-type semiconductor. Conversely, the electron 
drift current is from p-type semiconductor to n-type semiconductor, and electron 
diffusion current is from n-type semiconductor to p-type semiconductor.
FIGURE 3.8 Band diagram for a p-n junction at thermal equilibrium.
p-type n-type
Depletion Region
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Hetero-junctions
When two different semiconducting materials (i.e. with different band gaps) are used to 
form a p-n junction, the band diagram of the resulting device can differ from that shown 
in figure 3.8. Figures 3.9 and 3.10 shows the band diagram for a heterojunction formed 
between two semiconductors with different band gap values and doping characteristics 
(not connected and connected), this type of structure is referred to as an anisotype 
heterojunction.
FIGURE 3.9 The band diagram for two semiconductor materials used to form a 
hetero-junction device before being electrically connected.
Vacuum Level
AE,
Semiconductor One [p-type] Semiconductor Two [n-type]
The discontinuities in the conduction band (AEc) and the valence band (AEv) are due to 
the difference in the band gap values for the two semiconducting materials. It should be 
noted that the relative sizes of the band gap and position of the fermi level for the two 
semiconductor materials used to form a heterojunction, have a significant effect on the 
resulting band structure.
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FIGURE 3.10 The band diagram for anisotype heterojunction device.
'AE,
" i “ l— t
Semiconductor One Semiconductor Two
Depletion Region
3.5.3 Idealised p-n Junction Solar Cells
Solar spectral irradiance has a significant value across a wide range o f wavelengths (0.3 
to 1.5 pm) and thus photon energies. A contribution to the power output from a p-n 
junction exposed to the solar spectrum is only made by photons that are o f an energy 
greater than or equal to Eg. Energy greater than Eg is wasted as heat [10].
Optical radiation (assuming the energy is greater than Eg) incident on the surface o f the 
p-n junction creates electron-hole pairs. Carrier generation occurs in three regions: the 
p-type front face, the depletion region around the junction and the n-type base (assuming 
the junction is shallower than the penetrating depth of the light (1/a)).
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Electrons and holes that are generated in the depletion region are swept across the 
junction (drift) by the electric field. Electrons in the face and holes in the base that are 
generated within a diffusion length (/) o f the barrier diffuse towards the depletion region 
surrounding the junction. The carriers that enter the depletion region are then swept 
across the junction by the present electric field, with the electrons entering the n-type 
region of the junction and the holes the p-type region. This results in excess electrons and 
holes in the base and the face respectively. Electrons and holes that are generated at a 
distance greater than the diffusion length do not diffuse into the depletion region, are not 
swept across the junction and thus don’t contribute to the photoelectric effect [10]. 
Figure 3.11 shows a schematic diagram of an illuminated p-n junction.
FIGURE 3.11 A schematic diagram of an illuminated p-n junction.
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Under open circuit conditions, the face becomes positively charged and the base 
negatively charged due to the excess of majority carriers (holes and electrons 
respectively). The junction appears to be under an externally applied forward bias. This 
photo-emf causes a reduction in the barrier potential and forward injection current flows. 
A new equilibrium is reached when the voltage (V) developed across the junction is such 
that the injection current cancels out the photo-current (Ipi,); [10]
L . = I  = Lph exp nkT -1J ) Equ.{32^)
An expression for the open circuit voltage can thus be obtained by rearranging the above 
equation: [10]
nkT In TPhL 1 Equ.{?>25)
If a conductor is connected across the junction a cunent will flow, With a zero load 
resistance connected across the junction a short circuit condition results, where no 
self-bias is generated to reduce the external current and thus the later assumes its 
maximum value (Isc^Iph)- For an external load resistance R  the current flow is given by 
the solution of: [10]
i = i p h ~ h exp nkT -1/  j Equ.{326)
At an optimum external resistance the output power is maximised (Im, Vm), this is 
illustrated in figure 3.12, which shows the I-V characteristics o f a p-n junction at different
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levels o f illumination.
FIGURE 3.12 Dark and light I-V characteristics of a p-n junction.
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sc
The output from a solar cell is usually characterised by three parameters, the short circuit 
current (Uc), the open circuit voltage (Vqc) (discussed above) and the Fill Factor (FF) that 
is defined as: [10]
FF = L V .
V o c i s c
Equ.{^.27)
Geometrically the fill factor is the area o f the maximum power rectangle divided by the 
area the I-V curve forms with the current and voltage, as shown in figure 3.12.
101
Chapter 3_______________________________________________________________________________ Theoi-y
3.5.4 Conversion Efficiency
The energy conversion efficiency (t]) is then given by: [10]
7  = ^  W . 2 8 )1 in 1 in
Where Pi„ is the total power in the light incident on the cell
3.5.5 Sources of Fundamental inefficiencies
There are two primary sources o f fundamental inefficiency in the operation o f a solar cell, 
firstly matching of the semiconductor energy gap with the solar spectrum (ideal 1.2-1.5 
eV). Secondly, recombination o f electron-hole pairs before the minority carrier crosses 
the junction. In the case of heterojunctions, interface states are of particular concern in 
regard to recombination [10].
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Chapter 4 
Experimental Details
4.1. Introduction
The samples used in this study were all produced by IB AD o f Fe and Si on to Si substrates, 
which were produced at Manchester Metropolitan University by R.Valizadeh. A variety 
o f samples were investigated during this work (detailed in chapter 5), the purpose of 
which was to investigate the effects of fabrication and post-fabrication parameters on the 
formation of p-FeSi2 , for the ultimate aim of producing solar cell devices.
This chapter outlines the experimental details o f the fabrication techniques used to 
produce the samples, and then discusses the methods employed by the author to 
investigate the optical characteristics and the photovoltaic spectral response.
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4.2. Ion Beam Assisted Deposition
4.2.1. Description of experimental set-up
Figure 4.1 shows the schematic of the experimental set-up used to deposit Fe and Si for 
analysis during this study.
FIGURE 4.1 Schematic of the Ion Beam Assisted Deposition equipment-
showing one Ar beam used to sputter material onto substrate, whilst 
another Ar beam is directed at substrate.
beam
= crystal monitor 
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shutter
Ar beam 
(Assistance) Substrate
holder
backfill
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Vacuum pump 
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In this system a broad (75mm diameter) 1 keV Ar ion beam (A) is used to sputter a target 
comprising both Fe and Si. The target consists o f adjacent plates of the two materials 
which may be moved parallel to the substrate to change the proportion struck by the 
sputtering ion beam, and hence the deposited composition. The target is set at 45 degrees 
to the sputtering beam with the substrate facing and parallel to it. A second 75mm 
diameter Ar ion beam (B) can also be used, to bombard the substrate during film growth 
with Ar ions at a selected energy between 100 and 600eV. In fact even when the second 
ion beam is not in use, IBAD conditions are established (with the sputtering beam only) 
as some o f the sputtering ions are reflected from the surface and bombard the substrate.
A base pressure o f just below lO'"* Pa (7.5 xlO^ Torr) can be obtained in the chamber, 
however during operation o f the ion sources this pressure rises, due to the inlet o f argon 
gas, to about 10'^ Pa (7.5 xlO'^ Torr). The system also allows the substrate temperature to 
be varied from liquid nitrogen to 600^C. A ciystal oscillator, mounted near to the 
substrate, can also provide a monitor of the deposition rate.
4.2.2. Experimental procedure
Silicon wafer substrates were initially etched in HF to remove the oxide and washed in 
acetone, ethanol and de-ionised water before mounting in the chamber. The substrates 
were cleaned further by 200eV Ar ion bombardment before depositing the Fe/Si films. 
After deposition some o f the Fe/Si films were coated with a Si capping layer to prevent 
oxidation during annealing [ 1 ]. A complete listing o f the samples used in this 
investigation can be found in chapter 5 and appendix A.
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4.3. Optical characterisation
4.3.1 Description of experimental set-up
Figure 4.2 shows a schematic o f the experimental set-up used to analyse the optical 
properties of the samples.
FIGURE 4.2 Schematic diagram of experimental set-up used to measure optical 
absorption -  showing a computer-controlled spectrometer 
measuring the intensity of a white light source transmitted through 
samples mounted in a cryostat.
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A tungsten white light source that is passed through a chopper and then focused with 
quartz lenses, via a neutral density filter, is used to illuminate the sample. Through the 
appropriate choice o f chopper frequency it is possible to render the effects o f ambient 
light and scattered light to a minimum.
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The sample is mounted on a holder, which in turn is placed in a Continuous Flow Cryostat 
(CFC), enabling measurements to be made at low temperatures (80K). A computer 
controlled temperature controller monitors and maintains the temperature. The 
transmitted light is collected and focused, by another set o f lenses, into a 
computer-controlled spectrometer. The spectrometer then passes on the selected 
wavelengths to the detector.
A lock-in amplifier, referenced by a synchronising electrical signal derived from the 
chopper, is used to amplify the resulting signal, which is then interpreted by a computer. 
This allows the spectral intensity as a function of wavelength to be obtained. The 
subsequent analysis necessaiy for optical characterisation is discussed in section 4.3.3. 
Data collection is computer controlled, and is interfaced through a piece o f software 
developed in-house.
4.3.2. Experimental procedure
Prior to the measurement o f any samples it is necessary to cool down the detector for up 
to 1 hour to ensure proper operation, this is achieved by using liquid nitrogen. The 
detector must remain at this lowered temperature thioughout any measurements.
The sample to be studied is placed on to a holder, which is then inserted into the CFC. The 
chamber is evacuated, and left to cool to the desired temperature. It is unnecessary to 
evacuate the cryostat when measurements are done at room temperature. Temperature 
control is achieved through a computer monitoring.
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To ensure a maximum signal is achieved for each sample, the spectrometer is moved to a 
wavelength at which the intensity o f the signal is thought to be high, in this case around 
1500 nm, and the alignment of the sample holder in the cryostat adjusted to maximise the 
signal. Through the computer interface the desired spectral intensity as a function of 
wavelength is then obtained.
The measurement o f the absorption coefficient o f a P-FeSi2 layer is achieved by 
measuring the spectral intensity o f transmitted light as a function o f wavelength/energy 
(Energy= (Planless Constant x speed of light)/wavelength) for a silicon substrate and a 
p-FeSii sample. This is discussed in section 4.3.3.
4.4.3. Calculating the absorption coefficient
The light transmitted through a material is defined as:[2]
/  = A xexp(-m:) Equ.{A.\)
where I = 
Io =
a =
X =
Transmitted Light Intensity 
Incident Light Intensity 
Absorption Coefficient 
Thiclcness of layer
Figure 4.3 shows the cross section o f two samples (a) a silicon substrate, (b) a p-FeSi2 
layer on Si.
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FIGURE 4.3 The cross section of two samples (a) a silicon substrate, (b) a p-FeSia 
layer on S i .
'(Si)
Si
(a) (b)
Light transmitted through sample (b) is absorbed by both the Si substrate and the P-FeSi] 
layer, therefore the absorption coefficient for the P-FeSi] layer cannot be calculated 
directly using Equ. (4.1). Applying Equ.(4.1) to the samples shown in figure 4.3 (a) and
(b) results in Equ.(4.2) and Equ.(4.3) respectively.
Equ.{42)
where I(si) = 
lo = 
O tS i =  
Xsi =
the light transmitted through sample (a) 
the light incident on sample (a) 
absorption coefficient of Si 
thiclcness of Si sample
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Equ.{43)
Where I(si+p) = the light transmitted through sample (b)
Isi = the light transmitted through Si layer of 
sample (b)
Œ(p) =absorption coefficient of p-PeSi2 
X(p) =thickness of P-FeSi; layer in sample (b)
By substituting Equ. (4.2) into Equ. (4.3) gives the expression in Equ.(4.4):
Equ.{4A)
By dividing Equ.(4.4) by Equ.(4.2), which is shown in Equ. (4.5), results in the 
expression given in Equ. (4.6);
/ (Si) 0
Equ.{4.5)
/  xexp ,( a )  ( ^ 0
I
I (Si)
Equ.(4.6)
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Rearranging the expression given in Equ.(4.6) shows that the absorption coefficient for 
the p-FeSi2 layer can be isolated (see Equ. 4.7):
In
I
a
{S i + P )
\s i)
X Equ.{4.1)
where I(si) = transmitted light through sample (a)
I(Si+p) -  transmitted light through sample (b)
tt(p ) = absorption Coefficient
xp = thickness o f P-FeSi] layer
Equ.(4.7) can now be used to calculated the absorption coefficient for the p-FeSiz layer. 
This is achieved by measuring the transmitted light through the sample I(si+p) and a piece 
o f Si I(si) (that has undergone the same process steps) each time an absorption 
measurement is taken, and using Equ.(4.7)
Before Equ.(4.7) is used to calculate the absorption coefficient it is necessary to 
normalise the light transmitted through the Si substrate I(si> and the light transmitted 
throught the P-FeSiz sample I(si+p), the purpose of this is to remove the errors introduced 
by scattering and reflections due to layered structure o f the samples. A normalisation 
factor is derived by dividing I(si) by I(si+p), at 1700nm. The normalisation factor is 
calculated at 1700nm because the photon energy (0.73eV) is much less than the expected 
band gap value o f either Si or the P-FeSiz layer (the light passes through without being 
absorbed), and therefore the transmitted light should be the same intensity for the two 
measurements. Once the normalisation factor is derived I(si+p) is normalised, and the
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absorption coefficient calculated.
The nature o f the band gap can therefore be ascertained by applying the theory previously 
discussed in section 3.2.1.
4.4 Measurement of photovoltaic spectral response
4.4.1 Sample preparation
To measure the photovoltaic spectral response of p-FeSi] based solar cells, it was first 
necessary to fabricate ‘device’ structures. The simplest solar cell structures were used for 
this preliminary investigation, figure 4.4 shows a schematic of the devices fabricated.
FIGURE 4.4 The fabricated device structures used to measure the photovoltaic 
properties of P-FeSiz based solar cells.
Aluminium Ohmic 
front-contact
AuSb Ohmic 
back-contact
p-type (P-PeSi2)*
Si n-type 
(substrate)
* Some samples were also topped with a Si layer
The samples initially undergo a solvent cleaning process before the oxide (grown during 
annealing and/or native) is etched away. The front Ohmic contact is fabricated by
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evaporating A1 (at 2x10'^ Torr) on to the sample surface, with definition of the finger 
contact being achieved by a mechanical mask. The back contact is fabricated by 
evaporating AuSb (at 2x10'^ Torr) on to the entire back surface of the sample. After 
deposition of the metal layers it is necessary to ‘sinter’ the samples to create effective 
Ohmic contacts, this involves a rapid thermal anneal at 320°C for 2 minutes in a nitrogen 
ambient.
To measure the I-V characteristics o f the (p-type) P-FeSi] /Si (n-type) structures a similar 
process used to fabricate the solar cell devices was utilised. For I-V measurements dots of 
roughly 2mm in diameter, instead of a finger contact, were used as the front contact. After 
the A1 top contact is deposited it is necessary to isolate the individual devices, this is 
achieved by creating mesa structures through a combination o f photolithography and 
etching processes. The etchant used to form mesa structures was 48% HF, nitric acid 
(HNO3) and DI water, in the volume ratio of 5:125:125 respectively. Figure 4.5 shows a 
schematic o f the device structure used for I-V measurements.
FIGURE 4.5 The fabricated device structures used to measure the I-V 
characteristics of P-FeSiz structures.
Aluminium Ohmic front- 
contact
p-type (P-FeSij)'
Si n-type 
(substrate)
AuSb Ohmic 
back-contact
* Some samples were also topped with a Si layer
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4.4.2 Description of experimental Set-up
Figure 4.6 shows a schematic of the experimental set-up used to measure the photovoltaic 
spectral response of the simple solar devices shown in figure 4.4. A tungsten white light 
source, which has been passed through a spectrometer, is passed through a chopper and 
focused with quartz lenses on to the solar cell devices.
Through the appropriate choice o f chopper frequency it is possible to render the effects of 
ambient light and scattered light to a minimum. To further reduce interference from 
ambient light, the whole experimental area is enclosed in a box that is sealed during data 
collection (See figure 4.6).
FIGURE 4.6 Schematic diagram of experimental set-up used to measure the 
photovoltaic spectral response, showing a computer-controlled 
spectrometer that is used to select which wavelength of light 
illuminates the samples.
Variable
ResistorComputer
Lock-in
Amplifier
Chopper Sample holder
Tungsten Lamp
Spectrometer #
Focusing LensesHousing
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The sample is mounted on a holder that provides isolated electrical comiection to the front 
and back o f the device. Figures 4.7(a) & (b) (respectively) show a schematic o f the solar 
cell holder and the electrical circuit used for testing purposes.
A computer program developed in-house is used to scan the wavelength o f light incident 
on the sample (by moving the spectrometer) and measure the resulting the voltage or 
current generated by the device under test. A lock-in amplifier, controlled by a 
synchronising electrical signal derived from the chopper, is used to amplify the signal 
generated by the devices. This allows the photovoltaic voltage as a function of 
wavelength to be obtained. The necessary analysis and normalisation o f the collected data 
is discussed in section 4.4.4.
4.4.3 Experimental procedure
The sample to be studied is placed on the holder (figure 4.7(a)), and connected to the 
lock-in amplifier via a resistance box (used to simulate open circuit and short circuit 
conditions). The light is focused on to the sample to maximise the output signal at 
1300mn (a maximum in the output signal). The computer program is then used to scan the 
incident light between 600nm to 1700 nm and measure the output from the device, and 
therefore obtain the desired photovoltaic voltage or cuiTent as a function o f wavelength.
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FIGURE 4.7 (a) A schematic of the solar cell holder, and (b) the circuit 
diagram
BNC connector Electrical connection
Sample
(a)
photons!^
(b)
PlasticI 1  metal
Solar cell 
device
Variable 
Resistor
To lock-in 
amplifie
4.4.4 Analysis of raw data
Once the raw data has been collected it is necessary to normalise the data to remove the 
effects o f the spectrum from the tungsten light source (which is not flat).
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A normalisation factor used to calculate the true spectral response o f the ‘device’ 
structures was derived from a measurement o f the power spectrum (600-1700nm) with an 
Ophir Laser Star power meter fitted with a PD300 IR head; the instrument is certificated 
and calibrated with standards traceable to the National Institute o f Standards. 
Normalisation factors are derived from this curve by dividing each value by the 
maximum measured value, giving a normalisation curve that is the inverse of the light 
spectrum (see figure 4.8).
FIGURE 4.8 The normalisation curve for the spectral response of solar cell 
devices, derived from power measurements across the spectrum 
(600-1700nm).
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If the raw data is then multiplied by this normalisation curve a photovoltaic spectral 
response is obtained that is not distorted by the spectral content of the tungsten light 
source.
118
Chapter 4___________________________________________________________________ Experimental Details
R e fe r e n c e s-  E x p e r im e n ta l D e ta ils
[1] Private communication with Dr. K. J. Reeson Kirkby regarding unpublished 
results:Y. S. Tan Electrical Characteristics of IBS FeSi2 Final year Project, 
University of Surrey (1994)
[2] J. I Pankove, Optical Processes in Semiconductors, edited by J. N. Holongak 
(Dover,New York, 1973), p34
119
Chapter 5__________________________________________________________________Results & Discussions
Chapter 5 
Results and Discussions
5.1 Introduction
This chapter contains the results and discussions from the various IBAD samples studied 
during this dissertation. A summary of the entire range o f samples can be found in 
Appendix A. This work can be divided into four sections:
• results from samples with non-stoichiometric ratios o f Fe and Si within the 
deposited layer;
• results from samples with layers o f Fe and Si in a stoichiometric ratio (1:2), 
which have been deposited under a range o f different conditions;
• an investigation into the suitability of P-FeSi2 produced by IBAD for solar cell 
applications by studying the photovoltaic properties;
• discussion o f the results for all o f the samples.
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A range o f investigative techniques have been employed to understand the IBAD process 
o f Fe and Si onto Si substrates; these techniques have included characterisation by optical 
absorption and measurement o f I-V characteristics and the photovoltaic properties. Both 
annealed (in a Nz atmosphere) and as-deposited samples have been analysed. Other 
techniques not undertaken by the author have also been used to investigate the samples 
these have included: RBS, TEM, XRD and elemental mapping. Results from these 
supplementary techniques will be included where necessary to complement the results 
obtained by the author.
5.2 Results for non-Stoichiometric Fe-Si ratios deposited on Si.
5.2.1 Introduction
Two p-type Si substrates (FeSi-2 and FeSi-3) were deposited with a layer o f Fe:Si that had 
a range o f ratios from Fe:Si (40%:60%) to (29%:71%). The overall dimensions of 
samples FeSi-2 and FeSi-3 were 75mm by 35mm and 40mm by 40mm respectively. The 
layer thickness was estimated to be 600nm (with a variation from the top to bottom o f the 
sample). FeSi-3 was subsequently capped with a lOOnm thick amorphous Si (a-Si) 
capping layer. Deposition o f all the layers was at a temperature o f 50°C. During the 
analysis o f the optical data arbitrary units (absorption coefficient x thickness) are used for 
the absorption coefficient, as assigning a value for the layer thiclcness is unreliable due to 
the morphology of the layers, as evident in the TEM images (see figures 5.3, 5.4 & 5.14).
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5.2.2 Layer composition obtained from RBS
To confirm the composition o f the as-deposited layers on substrates FeSi-2 and FeSi-3, 
RBS measurements were made at a number o f points on the samples. Table 5.1 compares 
the estimated Fe content o f the samples to that obtained from RBS measurements.
TABLE 5.1 A comparison of the estimated Fe content of various samples from
FeSi-2 and FeSi-3 to the Fe content obtained from RBS measurements.
Substrates Position Estimated Fe Content (%) * Fe content o f layers 
obtained from RBS 
(%) +
FeSi-2 5C 35 42
FeSi-2 6C 34 35
FeSi-2 7C 31 35
FeSi-3 2C 39 49
FeSi-3 4C 35 33
FeSi-3 7C 31 35
* Estimated value calculated assuming that the change of Fe content across the sample 
is linear and then coirelating the position of the sample with the Fe content.
+ Obtained by fitting of RBS spectra with WfNDF [1]
It can be seen from Table 5.1 that there is a significant difference between the estimated 
Fe content and that obtained from the RBS measurements, in particuiar for FeSi-2 
position 5C and FeSi-3 position 2C. To enable a comparison between samples, the Fe 
content o f the samples will be assumed to be that indicated by the estimated Fe content. 
The possible cause o f these discrepancies is attributed to difficulties in fitting the RBS 
data spectra [1] due to undetermined abnormalities.
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5.2.3 Substrate FeSi-2
FeSi-2 was divided into samples with different Fe:Si ratios. Optical absorption spectra 
were obtained for as-deposited and annealed (900°C for 18 hours) samples. For all the 
as-deposited samples, a clear band edge was not evident from the optical absorption 
spectra. For the annealed samples band edges were identified, however these were seen to 
be dependant on the estimated Fe content o f the as-deposited layer. Figure 5.1 shows 
various plots of the (absorption coefficient x thickness) squared (at)^ vs. energy for 
samples with different estimated Fe content.
FIGURE 5.1 (at) vs. energy for samples (with different estimated Fe contents) 
from FeSi-2 that showed a clear band edge.
o Fe content: 34% 
o Fe content: 32.5% 
A Fe content: 31%
D Fe content: 30%
Û 10
0.77 0.82 0.87 0.92
Energy (eV)
0.97
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Figure 5.2 shows the band gap value as a function of estimated Fe content for samples 
from FeSi-2.
FIGURE 5.2 A summary of the band gap value as a function of estimated Fe 
content for FeSi-2 annealed at 900®C for 18 hour where 
t = thickness (tl<t2<t3).
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TEM images of an annealed sample (900°C for 18 hours) from FeSi-2 have been taken; 
see figures 5.3 and 5.4.
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FIGURE 5.3 A TEM image of a sample from FeSi-2 (Fe content 32-33%) annealed 
for 18 hours at 900®C.
FIGURE 5.4 A TEM image of a sample from FeSi-2 (Fe content 32-33%) annealed 
for 18 hours at 900®C.
FeSi layer
P-FeSi2
Si 300 nm
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The TEM images (figures 5.3 and 5.4) show that p-FeSi] is formed at the interface 
between the Si substrate, which is covered by a highly disordered layer containing Fe and 
Si.
For samples with an estimated Fe content higher than 36%(as-deposited) a clear band 
edge could not be identified from the optical spectra. Deterioration in the morphology of 
the deposited layers not showing band gap values after annealing at 900^C for 18 hours 
was evident. Figure 5.5 shows an optical microscopy image of a sample from FeSi-2. The 
image shows that the FeSi layer suffers from cracking and delamination.
FIGURE 5.5 An optical microscope image of a sample from FeSi-2 with an 
estimated Fe content of 37% annealed at 900®C for 18 hours.
Si
Substrate
FeSi
Layer
Cracking
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5.2.4 Sample FeSi-3
As with FeSi-2, FeSi-3 was divided into samples with different Fe:Si ratios. Optical 
absorption spectra were measured for as-deposited and annealed (900°C for 18 hours) 
samples. For all the as-deposited samples, clear band edges were not evident from the 
optical absorption spectra. For the annealed samples clear band edges were evident, 
however these were seen to be dependant on the Fe content of the as-deposited layer. 
Figure 5.6 shows various plots o f (at)^ vs. energy for samples with different estimated Fe 
contents.
FIGURE 5.6 (at)^ vs. energy for samples (with different estimated Fe contents) 
from FeSi-3 that showed a clear band edge.
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Figure 5.7 shows the measured band gap value as a function o f Fe content for FeSi-3. For 
samples with an estimated Fe content higher than 36% a clear band edge could not be 
identified from the optical spectra.
FIGURE 5.7 A summary of the band gap value as a function of estimated Fe
content for FeSi-3 annealed at 900^C for 18 hours where t = thickness 
(tl<t2<t3).
0.87 -
p  0.86 H
I 0.85 4
PQ 0.84 -
0.83 -
0.82 -
0.81
28 29 30 31 32 33 34 3635
Estimated Fe content (%)
Two samples from FeSi-3 with an estimated Fe content o f 31% were used for a 
temperature and time dependent annealing study. A sample was sequentially annealed for 
20 minutes from lOO^C up to 800^C with the band gap value being measured at every step. 
Figure 5.8 shows the band gap value as a function of annealing temperature for tliree 
regions o f a sample from FeSi-3 w ith an estimated Fe content o f 31%, sequentially 
annealed for 20 minutes from lOO^C to 800^C.
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FIGURE 5.8 The band gap value as a function of annealing temperature
(sequentially annealed for 20 minutes from 100®C to 800“C) for three 
regions of a sample from FeSi-3 with an estimated Fe content of 31%. 
Region three was only measured from 550®C.
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Figure 5.8 shows that after annealing above 425®C a band gap was clearly evident for all 
the samples measured. As the annealing temperature is increased the band gap value 
increases up until 700^C, when the band gap value begins to decrease.
Figure 5.9 shows the band gap value as a function annealing time for a sample from 
FeSi-3 with an estimated Fe content o f 31%, annealed at 900^C for various times up to a 
total o f 14 hours.
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FIGURE 5.9 The band gap value as a function of annealing time for a sample from 
FeSi-3 with an estimated Fe content of 31% annealed at 900^C for 
various times up to a total of 14 hours. (The dashed line is added 
to aid the eye)
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Figure 5.10 shows the Urbach tail width (Eo) as a function of annealing time for a sample 
from FeSi-3 w ith an estimated Fe content o f 31%, annealed at 900°C for various times up 
to a total of 14 hours.
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FIGURE 5.10 The Urbach tail width as a function of annealing time for a sample 
from FeSi-3 with an estimated Fe content of 31%.
(The dashed line is added to aid the eye)
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Figure 5.10 shows the Urbach tail width (Eo) as a function o f annealing time, there is a 
reduction in Eq between the maximum and minimum annealing time, however there is 
significant variation in between.
To investigate the dependency o f the band gap on the measurement temperature, optical 
spectra have been measured in the temperature range (300-80K). The (at) and (at)^ vs. 
energy plots are shown in figures 5.11 and 5.12 respectively.
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FIGURE 5.11 (at) vs. energy as a function of measurement temperature for a 
sample from FeSi-3 with an estimated Fe content of 29-30%.
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FIGURE 5.12 (at)^ vs. energy as a function of measurement temperature for a 
sample from FeSi-3 with an estimated Fe content of 29-30%.
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Section 5.5.1.3. contains further analysis and discussion of the measurement temperature 
dependence o f the band gap of a sample from FeSi-3 w ith an estimated Fe content of 
29-30%. TEM images of as-deposited and annealed (900^C for 18 hours) samples 
(estimated Fe content 32-33%) from FeSi-3 have been taken (see figures 5.13 & 5.14).
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FIGURE 5.13 A TEM image of a sample from an as-deposited sample from FeSi-3 
with an estimated Fe content of 32-33%.r
FeSi
mixture
Si substrate
FIGURE 5.14 A TEM image of a sample from FeSi-3 annealed for 18 hours at 
900”C with an estimated Fe content of 32-33%.
Si capping 
layer
V oids
Si substrate
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5.3 Samples containing stoichiometric Fe-Si ratios
5.3.1 Introduction
To investigate the co-deposition o f Fe:Si in a stoichiometric ratio (1:2), a range of 
samples detailed in Table 5.2 were deposited.
TABLE 5.2 A description for samples FeSi-4, FeSi-7, FeSi-11 and FeSi-12.
Sample ID Substrate Expected Layer 
Composition
Capping layer Second beam Parameters
FeSi-4 n-type Si:Fe,2:l no not used
FeSi-7 n-type Si:Fe,2:l lOOnm a-Si not used
FeSi-11 p-type Si:Fe,2:l no not used
FeSi-12 p-type Si:Fe,2:l lOOnm a-Si not used
For all these samples, a clear band edge could not be identified from the absorption 
spectra taken from the as-deposited material. To confirm the as-deposited composition of 
the samples, RBS was performed on all of the samples before annealing. RBS was also 
performed on samples that had been annealed under a number o f different regimes. A 
simulated annealing algorithm WINDF [1] was used to fit the RBS profiles, from which 
the composition of the samples could be obtained. Figures 5.15 to 5.22 show the structure 
o f the samples derived from the fitting of the RBS profiles for the as-deposited and 
annealed samples (SOO^C for 20 mins and 900®C for 18 hours).
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FIGURE 5.15 The structure fitted by WINDF [1] to RBS profiles for a sample 
from FeSi-4 as-deposited, showing an Fe content of 31%.
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FIGURE 5.16 The structure fitted by WINDF [1] to RBS profiles for samples from 
FeSi-4 annealed (a) at 800®C for 20 mins showing an Fe content of 
31 % & (b) at 900®C for 18 hours showing an Fe content of 31%
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FIGURE 5.17 The structure fitted by WINDF [1] to RBS profiles for a sample 
from FeSi-7 as-deposited, showing an Fe content of 32-33%.
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FIGURE 5.18 The structure fitted by WINDF [1] to RBS profiles for samples
from FeSi-7 annealed (a) at 800®C for 20 mins showing an Fe content 
of 35% & (b) at 900®C for 18 hours showing an Fe content of 30%.
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FIGURE 5.19 The structure fitted by WINDF [1] to RBS profiles for a sample 
from FeSi-11 as-deposited, showing an Fe content of 30%.
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FIGURE 5.20 The structure fitted by WINDF [1] to RBS profiles for samples 
from FeSi-11 annealed (a) at SOO^ C for 20 mins showing an Fe 
content of 32% & (b) at 900”C for 18 hours showing an Fe content of 
32%.
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FIGURE 5.21 The structure fitted by WINDF [1] to RBS profiles for a sample 
from FeSi-12 as-deposited, showing a Fe content of 25%.
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FIGURE 5.22 The structure fîtted by WINDF [1] to RBS profiles for samples from 
FeSi-12 annealed at 900”C for 18 hours showing a Fe content of 23%.
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To summarise the results from the RBS profiling, a comparison between the desired Fe 
content o f the deposited layer and the measured valued obtained from the RBS is made in 
Table 5.3.
TABLE 5.3 Summary of RBS analysis for samples FeSi-4, FeSi-7, FeSi-11 and
FeSi-12 (as-deposited, annealed at 800”C for 20 mins and 900®C for 18 
hours).
Sample Annealing regime Estimated Fe content (%) Fe Content from RBS fit (%)
FeSi-4 As-deposited 33 31
FeSi-4 800"C for 20mins N/A 31
FeSi-4 900^C for 18 hours N/A 31
FeSi-7 As-deposited 33 32-33
FeSi-7 800^C for 20mins N/A 35
FeSi-7 900"C for 18 hours N/A 30
FeSi-11 As-deposited 33 30
FeS i-11 800“C for 20mins N/A 32
FeSi-11 900*^C for 18 hours N/A 32
FeS i-12 As-deposited 33 25
FeSi-12 900^C for 18 hours N/A 23
Within the experimental error [2] all o f the as-deposited samples are as expected, except 
for FeS i-12 which showed a much lower Fe content.
The following sections contain the results for FeSi-4, FeSi-7, FeSi-11 and FeSi-12.
140
Chapter 5 Results & Discussions
5.3.2 FeSi-4
The absorption spectrum (see chapter 3) was measured for a sample from FeSi-4 annealed 
at 900^C for 18 hours. Figure 5.23 shows the absorption coefficient as a function of 
energy. A layer thicloiess o f 500nm was used in calculating the absolute value of the 
absorption coefficient.
FIGURE 5.23 Absorption coefficient as a function of energy, for a sample from 
FeSi-4 annealed at 900®C for 18 hours.
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By plotting the square o f the absorption coefficient as a function o f energy the nature of 
the band gap can be ascertained, as discussed in the chapter 3 theory (see figure 5.24).
141
Chapter 5 Results & Discussions
FIGURE 5.24 Absorption coefficient squared as a function of energy, for a sample 
from FeSi-4 annealed at 900®C for 18 hours.
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The direct band gap value of 0.92 eV is obtained from extrapolating the linear region of 
the absorption coefficient squared vs. energy plot for a sample from FeSi-4 annealed at 
900°C for 18 hours (figure 5.24).
A sample from FeSi-4 was sequentially annealed from lOO^C to 800^C, after each 
annealing step the absorption coefficient as a function of energy was measured and the 
band gap value obtained. The band gap as a function o f annealing temperature is shown in 
figure 5.25.
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FIGURE 5.25 The band gap value for a sample from FeSi-4 as a function of
annealing temperature (100-800®C). Each anneal was 20 mins in 
duration.
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For annealing temperatures below 475*^0, a clear band edge was not evident in the 
absorption data.
Significant absorption underneath the fundamental edge (band gap) evident on the plot o f 
the absorption coefficient as a function o f energy shown in figure 5.23, was also present 
on the absorption data collected for the previous annealing study. To quantify the 
sub-band gap absorption the Urbach tail width (Eo) was calculated for each annealing 
temperature (see figure 5.26).
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FIGURE 5.26 The Urbach tail width for a sample from FeSi-4 as a function of 
annealing temperature. All anneals were 20 minutes in duration.
I
%I
450 550 650 750
Annealing temperature ( C)
To compare the optical properties o f two samples annealed under different regimes, the 
absorption coefficient and the square of the absorption coefficient from samples annealed 
at 475^C and 800®C are plotted for comparison (see figure 5.27 and 5.28).
A thickness value of 500nm (obtained from RBS/TEM measurements) was used in the 
calculation of the absolute value o f the absorption coefficient.
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FIGURE 5.27 The absorption coefficient as a function of energy for samples 
from FeSi-4 annealed at 475®C and 800”C.
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FIGURE 5.28 The absorption coefficient squared as a function of energy for 
samples from FeSi-4 annealed at 475®C and SOO^ C.
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The band gap values extrapolated from figure 5.28 are given in Table 5.6. To investigate 
the effects o f the different annealing conditions (475®C for 20 minutes, 800°C for 20 
minutes and 900^C for 18 hours) on the optical properties of sample from FeSi-4, the 
absorption spectra were measured at a range o f temperatures (295K-80K) for the three 
sets o f annealing conditions.
Figures 5.29 to 5.34 show the absorption coefficient and the square o f the absorption 
coefficient of samples (295K-80K) vs. energy for samples from FeSi-4 annealed at 475^C 
for 20 minutes, 800*^0 for 20 minutes and 900^C for 18 hours.
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FIGURE 5.29 The absorption coefficient as a function of energy at different
measurement temperatures (295K-80K) of a sample from FeSi-4 
annealed for 20 minutes at 475®C.
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FIGURE 5.30 The absorption coefficient squared as a function of energy at
different measurement temperatures (295K-80K) of a sample from 
FeSi-4 annealed for 20 minutes at 475®C.
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FIGURE 5.31 The absorption coefficient as a function of energy at different
measurement temperatures (295K-80K) of a sample from FeSi-4 
annealed for 20 minutes at 800®C.
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FIGURE 5.32 The absorption coefficient squared as a function of energy at
different measurement temperatures (295K-80K) of a sample from 
FeSi-4 annealed for 20 minutes at 800®C.
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FIGURE 5.33 The absorption coefficient as a function of energy at different
measurement temperatures (295K-80K) of a sample from FeSi-4 
annealed for 18 hours at 900®C.
l.OE+05
I8I< l.OE+04
l.OE+03
0, TÛX
° 295 K 
o 250 K 
220 K 
- 200 K 
X 150 K
100 K 
80 K
0.77 0.82 0.87 0.92
Energy (eV)
0.97
The presence of a feature between 0.77 eV and 0.87 eV at low temperatures indicates that 
defects states (under investigation) exist in the forbidden gap.
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FIGURE 5.34 The absorption coefficient squared as a function of energy at
different measurement temperatures (295K-80K) of a sample from 
FeSi-4 annealed for 18 hours at 900®C.
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Section 5.5.2.3. contains further analysis and discussion o f the measurement temperature 
dependence o f the band gap of samples from FeSi-4 under a number of annealing 
regimes.
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5.3.3 FeSi-7
The absorption spectrum was measured for a sample from FeSi-7 annealed at 900°C for 
18 hours. Figure 5.35 shows the absorption coefficient as a function o f energy. A 
thickness value of400nm  (obtained from TEM images see figures 5.47 & 5.48) was used 
in calculating the absolute value of the absorption coefficient.
FIGURE 5.35 Absorption coefficient as a function of energy, for a sample from 
FeSi-7 annealed at 900^C for 18 hours.
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By plotting the square o f the absorption coefficient as a function o f energy the nature of 
the band gap can be ascertained (see figure 5.36).
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FIGURE 5.36 The square of the absorption eoeffîeient as a function of energy, for a 
sample from FeSi-7 annealed at 900®C for 18 hours.
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A direct band gap value o f 0.89 eV was obtained from extrapolating the linear region o f 
the absorption coefficient squared vs. energy plot shown in figure 5.36.
Three samples from FeSi-7 were sequentially annealed from lOO^C to 800®C, after each 
annealing step the absorption coefficient as a function of energy was measured, and the 
band gap value extracted.
Figure 5.37 shows the band gap value for three samples from FeSi-7 as a function of 
annealing temperature. For sample 3 the error bars have been omitted to improve the 
clarity o f the graph, however the error bars are similar to those shown for the other data 
points on the graph.
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FIGURE 5.37 The band gap value for three samples from FeSi-7 as a function of 
annealing temperature. All anneals were 20 minutes in duration.
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For the three samples involved in the study shown in figure 5.37, a clear band edge was 
not evident from the optical absorption measurements until the samples were annealed at 
4 7 5 and above.
To quantify the sub-band gap absoiption seen on the absoiption data collected during the 
above annealing study, the Urbach tail width (Eo) was calculated for each annealing 
temperature. Figure 5.38 shows Eo as a function of annealing temperature for the same 
three samples.
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FIGURE 5.38 Urbach tail width as a function of annealing temperature for three 
samples from FeSi-7.
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Figures 5.39 and 5.40 show the absorption coefficient and absorption coefficient squared 
vs. energy (respectively) for samples from FeSi-7 annealed at 475°C and SOO^C for 20 
minutes. A thiclcness value o f 400nm (obtained from RBS/TEM) was used in the 
calculation of the absolute value o f the absorption coefficient.
156
Chapter 5 Results & Discussions
FIGURE 5.39 The absorption coefficient as a function of energy for samples from 
FeSi-7 annealed for 20 mins at 475®C and 800®C.
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FIGURE 5.40 The absorption coefficient squared as a function of energy for 
samples from FeSi-7 annealed at 475®C and 800®C.
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The band gap values derived from figure 5.40 are given in Table 5.6. To ascertain any 
differences in the band structure o f the material, band gap measurements were performed 
between 300K and SOK.The temperature dependence of the band gap was measured for 
three different annealing regimes: 475°C for 20 minutes, 800”C for 20 minutes and 900^C 
for 18 hours.
Figures 5.41 to 5.46 show plots o f the absorption coefficient and the square o f the 
absorption coefficient vs. energy o f samples (295K-80K) for samples from FeSi-7 
annealed at 475°C for 20 minutes, 800®C for 20 minutes and 900°C for 18 hours.
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FIGURE 5.41 The absorption coefficient as a function of energy at different
measurement temperatures (295K-80K) of a sample from FeSi-7 
annealed for 20 minutes at 475®C.
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FIGURE 5.42 The absorption coefficient squared as a function of energy at
different measurement temperatures (295K-80K) of a sample from 
FeSi-7 annealed for 20 minutes at 475®C.
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FIGURE 5.43 The absorption coefRcient as a function of energy at different
measurement temperatures (295K-80K) of a sample from FeSi-7 
annealed for 20 minutes at 800®C.
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The presence o f a feature between 0.77 eV and 0.87 eV in figure 5.43 (at low 
temperatures) indicates that defects states (under investigation) exist in the forbidden gap.
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FIGURE 5.44 The absorption coefficient squared as a function of energy at
different measurement temperatures (295K-80K) of a sample from 
FeSi-7 annealed for 20 minutes at 800®C.
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FIGURE 5.45 The absorption coefficient as a function of energy at different
measurement temperatures (295K-80K) of a sample from FeSi-7 
annealed for 18 hours at 900”C.
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The presence o f a feature between 0.77 eV and 0.87 eV in figure 5.45 (at low 
temperatures) indicates that defects states (under investigation) exist in the forbidden gap.
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FIGURE 5.46 The absorption coefficient squared as a function of energy at
different measurement temperatures (295K-80K) of a sample from 
FeSi-7 annealed for 18 hours at 900”C.
8.0E+09
7.0E+09
_  6.0E+09 -tN&
2 5.0E+09
I8I
4.0E+09 4
3.0E+09 -
2.0E+09 -
l.OE+09
O.OE+00
0.8
" 295 K 
o 250 K
- 220 K 
A 200 K 
X 150 K
- 100 K 
» 80 K
+ AS
O *&AX_ 
□ O+AX□ o+ax Ô „ o .° o+ax o%+aX o
□ « + +  X „-
O o + aA  o o^^a.x
□ X
0.85 0.9 
Energy (eV)
0.95
Further analysis and discussion o f the measurement temperature dependence o f the band 
gap value for samples from FeSi-7 under a number of annealing regimes can be found in 
section 5.5.2.3. TEM images o f samples from FeSi-7 annealed at 800^C for 20mins and 
900°C for 18 hours have been taken (see figures 5.47 and 5.48).
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FIGURE 5.47 A TEM image of a sample from FeSi-7 annealed for 20 minutes at 
800“C.
FIGURE 5.48 A TEM image of a sample from FeSi-7 annealed for 18 hours at 
900®C.
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5.3.4 FeSi-11
The absorption spectrum was measured for a sample from FeS i-11 annealed at 900°C for 
18 hours. Figure 5.49 shows the absorption coefficient as a function o f energy. A 
thickness value o f 500nm used for calculating the absolute value of the absorption 
coefficient, which was obtained from TEM images.
FIGURE 5.49 Absorption coefficient as a function of energy, for a sample from 
FeSi-11 annealed at 900”C for 18 hours.
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By plotting the square o f the absorption coefficient as a function o f energy the nature of 
the band gap can be ascertained (see figure 5.50).
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FIGURE 5.50 Absorption coefficient squared as a function of energy, for a sample 
from FeSi-11 annealed at 900^C for 18 hours.
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A direct band gap value o f 0.92 eV was obtained from extrapolating the linear region o f 
the absorption coefficient squared vs. energy plot, for a sample from FeS i-11 annealed at 
900^C for 18 hours.
A sample from FeSi-11 was sequentially annealed from lOO^C to SOO^C, after each 
annealing step the absorption coefficient as a function of energy was measured, from 
which the band gap value was obtained. Figure 5.51 shows the band gap value (as a 
function o f annealing temperature) for a sample from FeSi-11.
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FIGURE 5.51 The band gap value as a function of annealing temperature (lOO^C -  
800®C) for a sample from FeSi-11.
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For the sample from FeSi-11 a clear band edge was not evident in the optical absorption 
spectra until annealing at 475'^C and above.
To quantify the sub-band gap absorption seen on the absorption data collected during the 
above annealing study, the Urbach tail width (Eo) was calculated for each annealing 
temperature. Eq as a function o f annealing temperature is shown in figure 5.52.
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FIGURE 5.52 Urbach tail width as a function of annealing temperature (100-800^C) 
for a sample from FeSi-11.
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To compare the optical properties o f two samples annealed under different regimes, the 
absorption coefficient and the square o f the absorption coefficient from samples annealed 
at 475®C and SOO^C have been plotted for comparison (see figure 5.53 and 5.54).
A thickness value o f 500nm (obtained from RBS/TEM measurements) was used in the 
calculation of the absolute value o f the absorption coefficient.
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FIGURE 5.53 The absorption coefficient as a function of energy for samples 
from FeSi-11 annealed at 475®C and 800®C.
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FIGURE 5.54 The absorption coefficient squared as a function of energy for 
samples from FeSi-11 annealed at 475®C and SOO^’C.
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To investigate the effects o f different annealing conditions (475°C for 20 minutes, 800°C 
for 20 minutes and 900^C for 18 hours) on the optical properties o f samples from FeS i-11, 
absorption spectra were measured at a range of temperatures (295K-80K) for the three 
annealing conditions.
Figures 5.55 to 5.60 show the absorption coefficient and the square of the absorption 
coefficient vs. energy o f samples (295K-80K) from FeSi-11 annealed at 475^C for 20 
minutes, 800®C for 20 minutes and 900®C for 18 hours.
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FIGURE 5.55 The absorption coefficient as a function of energy at different
measurement temperatures (295K-80K) of a sample from FeSi-11 
annealed for 20 minutes at 475^C.
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FIGURE 5.56 The absorption coefficient squared as a function of energy at
different measurement temperatures (295K-80K) of a sample from 
FeSi-11 annealed for 20 minutes at 475®C.
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FIGURE 5.57 The absorption coefficient as a function of energy at different
measurement temperatures (295K-80K) of a sample from FeSi-Il 
annealed for 20 minutes at 800®C.
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FIGURE 5.58 The absorption coefficient squared as a function of energy at
different measurement temperatures (295K-80K) of a sample from 
FeSi-11 annealed for 20 minutes at 800®C.
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FIGURE 5.59 The absorption coefficient as a function of energy at different
measurement temperatures (295k-80k) of a sample from FeSi-11 
annealed for 18 hours at 900®C.
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FIGURE 5.60 The absorption coefficient squared as a function of energy at
different measurement temperatures (295k-80k) of a sample from 
FeSi-11 annealed for 18 hours at 900®C.
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Section 5.5.2.3 contains further analysis and discussion of the measurement temperature 
dependence of the band gap for samples from FeSi-11 under the three different annealing 
regimes.
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5.3.5 FeSi-12
The absorption spectrum was measured for a sample from FeSi-12 annealed at 900^C for 
18 hours. Figure 5.61 shows the absorption coefficient as a function o f energy. The 
thiclcness value used for calculating the absolute value of the absorption coefficient was 
500nm that was obtained from TEM images (see figure 5.74).
FIGURE 5.61 The absorption coefficient as a function of energy, for a sample from 
FeSi-12 annealed at 900”C for 18 hours.
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By plotting the square o f the absolution coefficient as a function o f energy the nature o f 
the band gap can be ascertained (see figure 5.62).
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FIGURE 5.62 The square of the absorption coefficient as a function of energy, for a 
sample from FeSi-12 annealed at 900®C for 18 hours.
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A direct band gap value o f 0.86 eV was obtained from extrapolating the linear region o f 
the absorption coefficient squared vs. energy plot, for a sample from FeSi-12 annealed at 
900^C for 18 hours.
A sample from FeSi-12 was sequentially annealed from lOO^C to 800^C, after each 
annealing step the absorption coefficient as a function of energy was measured, from 
which the band gap value was obtained. Figure 5.63 shows the band gap value for a 
sample from FeSi-12 as a function o f  annealing temperature. For sample 2 the error bars 
have been omitted to improve clarity of the graph, however the error bars are similar to 
those shown for the other plotted data.
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FIGURE 5.63 The band gap value for two sample from FeSi-12 as a function of 
annealing temperature. All anneals were 20 minutes in duration.
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For the two samples involved in the study shown in figure 5.63, a clear band edge was not 
evident in the absorption until the samples were annealed at least at 475^C.
To quantify the sub-band gap absorption seen on the absorption data collected during the 
above annealing study, the Urbach tail width (Eo) was calculated for each annealing 
temperature (see figure 5.64).
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FIGURE 5.64 The Urbach tail width value for two samples from FeSi-12 as a
function of annealing temperature. All anneals were 20 minutes in 
duration.
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To compare the optical properties o f two samples annealed under different regimes, the 
absorption coefficient and the square of the absorption coefficient from samples annealed 
at 475°C and 800°C were plotted for comparison (see figures 5.65 and 5.66).
A thiclcness value o f 500nm (obtained from RBS/TEM measurements) was used in the 
calculation o f the absolute value o f the absorption coefficient for annealing temperatures 
475°C and 800°C.
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FIGURE 5.65 Absorption coefficient as a function of energy, for two samples from 
FeSi-12 annealed at 475 and 800®C for 20 minutes.
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FIGURE 5.66 Absorption coefficient squared as a function of energy, for two 
samples from FeSi-12 annealed at 475 and 800”C for 20 minutes.
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The band gap values derived from figure 5.66 are given in Table 5.6. To ascertain any 
differences in the band structure o f the material, band gap measurements were preformed 
between 300K and 80K.The temperature dependency of the band gap was measured for 
three different annealing regimes: 475®C for 20 minutes, 800®C for 20 minutes and 900^C 
for 18 hours (see figures 5.67 to 5.72).
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FIGURE 5.67 The absorption coefRcient as a function of energy at different
measurement temperatures (295K-80K) of a sample from FeSi-12 
annealed for 20 minutes at 475®C.
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FIGURE 5.68 The absorption coefficient squared as a function of energy at
different measurement temperatures (295K-80K) of a sample from 
FeSi-12 annealed for 20 minutes at 475®C.
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FIGURE 5.69 The absorption coefficient as a function of energy at different
measurement temperatures (295K-80K) of a sample from FeSi-12 
annealed for 20 minutes at 800®C.
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FIGURE 5.70 The absorption coefficient squared as a function of energy at
different measurement temperatures (295K-80K) of a sample from 
FeSi-12 annealed for 20 minutes at SOO^ C.
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FIGURE 5.71 The absorption coefficient as a function of energy at different
measurement temperatures (295K-80K) of a sample from FeSi-12 
annealed for 18 hours at 900®C.
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FIGURE 5.72 The absorption coefficient squared as a function of energy at
different measurement temperatures (295K-80K) of a sample from 
FeSi-12 annealed for 18 hours at 900®C.
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Section 5.5.2.3. contains further analysis and discussion of the measurement temperature 
dependence o f the band gap of samples from FeSi-12 annealed under three different 
annealing regimes. TEM images for samples from FeSi-12 annealed at 800°C for 20 
minutes and at 900^C for 18 hours are shown in figures 5.73 and 5.74.
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FIGURE 5.73 A TEM image of a sample from FeSi-12 annealed for 20 minutes at 
800“C.
FIGURE 5.74 A TEM image of a sample from FeSi-12 annealed for 18 hours at 
900®C.
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5.3.6 Annealing Time Dependence
Samples from FeSi-4, FeSi-7, FeSi-11 and FeSi-12 were repeatedly annealed at 900^C in 
steps up to 18 hours in total, after each annealing stage the band gap was measured. 
Figures 5.75 and 5.76 show the band gap (as a function of annealing time) for samples 
FeSi-4/7 and FeS i-11/12 respectively. All o f these measurements were done at the same 
time.
FIGURE 5.75 The band gap for samples from FeSi-4 and FeSi-7 as a function of 
annealing time, at a constant temperature of 900®C.
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The band gap values (as a function of annealing time) for samples FeSi-4 and FeSi-7 
showed no significant dependency on annealing time, the average value for FeSi-4 and
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FeSi-7 is 0.91 eV.
FIGURE 5.76 The band gap for samples FeSi-lI and FeSi-12 as a function of 
annealing time, at a constant temperature of 900®C.
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The band gap value (as a function o f annealing time) for FeSi-11 showed no significant 
dependency on annealing time, with the average value being 0.91 eV. The band gap value 
o f FeSi-12 however, did show a significant decrease with the increased annealing time 1 
meV/hour (amiealing time). To investigate the effects of annealing time on the defects 
within the samples the Urbach tail width as a function of annealing time has been plotted 
for samples FeSi-4, FeSi-7, FeSi-11 and FeSi-12 (see figures 5.77 to 5.80).
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FIGURE 5.77 The Urbach tail width for a sample from FeSi-4 as a function of
annealing time, at a constant temperature of 900®C. The dashed line 
is added to aid the eye.
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The sample from FeSi-4 showed a decrease in the Urbach tail width as the annealing time 
is increased, this indicates that longer annealing times reduce the number o f defect states 
within the forbidden gap for this sample.
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FIGURE 5.78 The Urbach tail width for a sample FeSi-7 as a function of
annealing time, at a constant temperature of 900®C. The dashed line 
is added to aid the eye.
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The sample from FeSi-7 showed an increase in the Urbach tail width as the annealing 
time is increased, this indicates that the longer annealing times the greater the number o f 
defects that are introduced into the forbidden gap for this sample.
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FIGURE 5.79 The Urbach tail width for a sample from FeSi-11 as a function of
annealing time, at a constant temperature of 900®C. The dashed line 
is to aid the eye.
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The sample from FeSi-11 showed a small decrease in the Urbach tail width as the 
annealing time is increased, this indicates that longer annealing times reduce the number 
o f defect states within the forbidden gap for this sample.
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FIGURE 5.80 The Urbach tail width for a sample from FeSi-12 as a function of
annealing time, at a constant temperature of 900”C. The dashed line 
is to aid the eye.
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The sample from FeSi-12 showed a decrease in the Urbach tail width as the annealing 
time is increased, this indicates that longer annealing times reduce the number o f defect 
states within the forbidden gap for this sample. It should be noted that the band gap value 
of FeSi-12 also reduces with the increased annealing time.
The effects of annealing time on the Urbach tail widths for all o f the samples will be 
discussed in section 5.5.2.5.
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5.3.7 I BAD Samples
To investigate the effects o f using a second Ar beam to bombard the substrate during 
growth o f the FeSi layers two samples (FeSi-6 and FeSi-8) were deposited, during the 
growth o f which a second Ar beam of energy 200eV with lAr/AFe=0.15 was used [3]. 
Table 5.4 details the as-deposited composition o f samples FeSi-6 and FeSi-8.
TABLE 5.4 As-deposited composition of samples FeSi-6 and FeSi-8.
Sample ID Substrate Expected layer 
composition
Capping layer Second beam parameters
FeSi-6 n-type Si:Fe,2:l no 200eV, WAFe=0.15
FeSi-8 n-type Si:Fe,2:l lOOnm a-Si 200eV, lAr/AFe=0.l5
Absorption measurements made on the as-deposited material indicated no band gap was 
identifiable.
The absorption spectra were measured for samples from FeSi-6 and FeSi-8 annealed at 
900^C for 18 hours. Figure 5.85 shows the absorption coefficient as a function o f energy. 
An estimated layer thiclcness o f 500nm (derived from TEM images) was used in 
calculating the absolute value o f the absorption coefficient.
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FIGURE 5.81 Absorption coefficient as a function of energy, for samples from 
FeSi-6 and FeSi-8 annealed at 900®C for 18 hours.
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By plotting the square of the absorption coefficient as a function o f energy the nature o f 
the band gap can be ascertained (see figure 5.82).
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FIGURE 5.82 Absorption coefficient squared as a function of energy, for samples 
from FeSi-6 and FeSi-8 annealed at 900®C for 18 hours.
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The direct band gap values of 0.86 eV and 0.87 eV are obtained from extrapolating the 
linear region o f the absorption coefficient squared vs. energy plots (both annealed at 
900®C for 18 hours) for samples from FeSi-6 and FeSi-8 respectively.
Samples from FeSi-6 and FeSi-8 were sequentially annealed from lOO^C to 800^C, after 
each annealing step the absorption coefficient as a function o f energy was measured and 
the band gap value obtained. The band gap as a function of annealing temperature is 
shown in figure 5.83.
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FIGURE 5.83 The band gap values for samples from FeSi-6 and FeSi-8 as a
function of annealing temperature (100>800®C). Each anneal was 20 
mins in duration. The dashed line is added to aid the eye.
0.94
400 500 600 700 800
Annealing temperature ( C)
For annealing temperatures below 425®C and 450°C for samples FeSi-6 and FeSi-8 
respectively, a clear band edge was not evident in the absorption data. It is apparent from 
figure 5.87 that the band gap value for samples FeSi-6 and FeSi-8 are independent of 
annealing temperature above 450^C.
Significant absorption underneath the fundamental edge (band gap) evident on the plot of 
the absorption coefficient as a function o f energy shown in figure 5.85, was also present 
on the absorption data collected for the previous annealing study. To quantify the sub 
band gap absorption the Urbach tail width (Eq) was calculated for each annealing 
temperature (see figure 5.84).
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FIGURE 5.84 The Urbach tail width for a sample from FeSi-6 and FeSi-8 as a
function of annealing temperature. All anneals were 20 minutes in 
duration. The dashed line is added to aid the eye.
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There is a significant scattering in the values of Urbach tail width (Eo) as a function of 
annealing temperature shown in figure 5.88, however it is apparent that as temperature is 
increased E q reduces.
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5.4 Photovoltaic Properties of IB AD samples
5.4.1 Introduction
For testing the solar cell device characteristics the simplest stmcture was adopted, that o f 
a p-n junction. p-FeSiz has been reported to be a p-type semiconductor [4] thus a p-n 
junction was formed by depositing it onto a n-type Si substrate. To investigate the I-V 
characteristics and photovoltaic properties of IB AD p-FeSiz, solar structures were formed 
by deposited suitable contacts on the front and back o f samples (see chapter 4 
experimental methods).
5.4.2 I-V Characteristics
To test the device structure I-V characteristics were taken on a sample etched to form 
mesa diodes (see chapter 4). Figure 5.85 shows a typical I-V characteristic.
The I-V characteristics are difficult to model, however it is clear that a rectifying junction 
is present.
202
Chapter 5 Results & Discussions
FIGURE 5.85 I-V characteristics for a mesa P-FeSiz/Si structure, from a sample 
from FeSi-7 annealed at 800®C for 20 minutes.
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5.4.3 Spectral Response
The spectral response (as described in section 4.4) for a number o f devices were measured. 
Figure 5.86 shows the test structure adopted for these measurements.
FIGURE 5.86 Solar cell test structure.
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A typical spectral response from a sample is shown in figure 5.87.
FIGURE 5.87 Solar cell spectral response.
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5.5 Discussion of results
This section contains the discussion and analysis of the results presented in sections 
5.2-5.4, The aim o f this section is to bring together the results in a way that allows a 
meaningful comparative study to be made, firstly the results from the non-stoichiometric 
samples are investigated, secondly the stoichiometric samples are analysed.
5.5.1 Discussion of results for non-stoichiometric samples FeSi-2 and FeSi-3 
(uncapped and capped respectively)
The results from two samples (FeSi-2 and FeSi-3) that were prepared with a varying Fe:Si 
ratio along their length have been presented previously (section 5.2), this section 
inteiprets those results and discuses the significance o f the trends observed. A 
comparison (in section 5.2.2.) between an estimated Fe content o f samples (FeSi-2 and 
FeSi-3) and an Fe content obtained by RBS measurements [1], indicated significant 
discrepancies. The possible cause o f these discrepancies are attributed to difficulties in 
fitting the RBS spectra [1] due to abnormalities, resulting in the use o f the estimated Fe 
content for the samples.
5.5.1.1 Comparing absorption data
Comparing (at)^ vs. energy plots for samples with different band gap values can be 
difficult. To enable a direct comparison, data is presented in a normalised form, where the
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value o f the band gap is taken away from the photon energy [5].
Figure 5.88 shows the plot o f (at)^ vs. Ep-Eg for samples from FeSi-2 which showed clear 
band edges after annealing at 900®C for 18 hour.
FIGURE 5.88 The (at)^ vs. (Ep - Eg) plot for three samples from FeSi-2 with 
different Fe content (as-deposited).
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It can be seen from figure 5.88 that as the Fe content of the as-deposited layer decreases 
the value o f (absorption x thiclcness)^ at the band gap (at)^(O)) also decreases, this 
indicates that the thickness o f the (3-FeSi2 layer increases as the Fe content o f the layer 
increases.
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Figure 5.89 shows the plot of (at)^vs. Ep-Eg for samples from FeSi-3 which showed a 
clear band edge after annealing at 900°C for 18 hours.
FIG URE 5.89 The (at)^ vs. (Ep-Eg) plot for three samples from different regions of 
FeSi-3.
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In contrast to the trends seen for sample FeSi-2 a clear trend between (at)^(O) and the Fe 
content o f the as-deposited layer is not seen for samples from FeSi-3. A dramatic drop in 
(at)^(O) is however seen for the sample from FeSi-3 with the lowest Fe content (30%). It is 
likely that the differences between samples FeSi-2 and FeSi-3 is as a consequence o f 
anisotropic reaction between the Si substrate and FeSi layer observed for FeSi-3.
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In contradiction to the findings from optical absorption results, XRD analysis for samples 
from FeSi-2 and FeSi-3 with an estimated Fe content greater than 36% indicated the 
presence of p-FeSii. It is hypothesised that the reason for a band gap not being identified, 
which implies no p~FeSi2 , by optical absorption is due to high reflection and/or 
absorption by the FeSi layer. Moreover p-FeSi2 has actually been formed at the interface 
between the Si substrate and deposited Fe:Si layer. To test this hypothesis optical 
absorption measurements were repeated after a proportion o f the FeSi layer was removed 
by etching, the results from this study were however inconclusive.
5.5.1.2 The effects of annealing on samples from FeSt-3
A sample from FeSi-3 with an estimated Fe content of 31% was annealed over a 
temperature range o f 100-800®C. The plot o f (at)^ vs. (Ep-Eg) for annealing temperatures 
475, 600, 700 and 800^C have been compared to investigate the effects o f annealing 
temperature on a sample from FeSi-3 (see figure 5.90).
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FIGURE 5.90 The (at)^ vs. (Ep-Eg ) plot for a sample from FeSi-3 with an estimated 
Fe content of 31% sequentially annealed at 475, 600, 700 and 800®C.
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Figure 5.90 illustrates that the annealing temperatures of 475 and 600°C (group 1) show 
similar (at)^ values, as do the annealing temperatures o f 700 and 800°C (group 2). The 
value o f (at)^ for group 2 is greater than that shown by group 1, this indicates the layer of 
P"FeSi2 for samples in group 2 is thicker. A TEM image of an annealed sample from 
FeSi-3 (See figure 5.14) showed that P-FeSii regions were being formed in the substrate, 
it is feasible that an increase in annealing temperature results in an increase in the p-FeSi% 
regions within the substrate that results in higher absorption.
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5.5.1.3 Dependency of the band gap on the measurement temperature
In Chapter 3 Theory, it was discussed how the dependency o f the band gap on the 
measurement temperature can be modelled by both the Einstein model [6] and the 
Thermodynamic model [7]. The band gap value as a function o f temperature (300K-80K) 
has been investigated for a sample from FeSi-3 with an Fe content of 29-30% annealed at 
900°C for 18 hours.
The band gap as a function of measurement temperature (300-80K) has been fitted with 
the Einstein model [6], by a computer program [8] implementing ‘least squares fitting’ to 
find the best fit for the three parameters Eg(0), K and Be. The fitting parameters for the 
Thermodynamic model [7] were then derived from those of the Einstein model [6] by 
using equations 3.21 and 3.22, for comparison with values obtained from the literature [9] 
(see Table 2.4). Figure 5.91 shows a plot o f the band gap values as a function o f 
measurement temperature for a sample from FeSi-3 with Fe content of 30% annealed at 
900°C for 18 hours. Table 5.5 contains a summai-y of the parameters for the Einstein [6] 
and Thermodynamic [7] models used to describe the measurement dependency o f the 
band gap.
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FIGURE 5.91 The band gap as a function of measurement temperature for a
sample from FeSi-3 with Fe content of 30% annealed at 900®C for 18 
hours ( □ == data, ~  = fit).
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TABLE 5.5 Summary of Einstein model [6] and Thermodynamic [7] parameters 
used to model the measurement dependency of the band gap for a 
sample from FeSi-3 with an estimated Fe content of 30% annealed at 
900°C for 18 hours.
Parameter Value
Eg(0) 0.929 eV
K temperature independent constant (10‘^ ) 103 eV
0E Einstein temperature 346 K
(hco) Average phonon energy 29.8 eV
(S) electron-phonon coupling constant 1.73
Comparing the fitting parameters in Table 5.5 to those reported in the literature shown in 
Table 2.4, it can be seen that the values for Eg(0) are nearly 3meV larger than any 
reported in the literature, however values for S and <hco> are lower than most reported.
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This indicates how different fabrication methods alter the band gap dependency on the 
measurement temperature for p-FeSi], as proposed by M.Ozvold et al. [9].
5.5.1,4 Summary of materials analysis
In section 5.2 various ‘results’ showing TEM images, RBS fits and other material 
analysis techniques were reported for FeSi-2 and FeSi-3. The main points are summarised 
below.
FeSi-2:
• annealing at 900^C for 18 hours causes the Fe rich samples (>36% estimated Fe) 
to delaminate, this is similar to the behaviour of P-FeSi2+v films reported by 
K.Herz et al [10] which delaminated when v >0;
• interaction on annealing between FeSi layer and Si substrate is isotropic, resulting 
in p-FeSiz being formed at the interface (TEM images);
FeSi-3:
• elemental mapping images showed a carbon layer was present between the 
as-deposited Fe;Si layer and Si substrate, possibly causing the as-deposited film 
to delaminate;
• a capping layer appears to provide stability to the Fe rich samples;
• interaction on annealing at 900°C for 18 hours between the FeSi layer and Si is
anisotropic, resulting in p-FeSiz regions being formed within the substrate (TEM 
images), this is a similar behaviour to that reported by Tassis et al. [11] who
observed the formation of p-FeSii regions in Si substrates.
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5.5.1.5 Summary for non-stoichiometric samples FeSi-2 and FeSi-3
A summary o f the main points o f interest:
• a clear band edge was only evident in absorption spectra taken from samples from 
FeSi~2 and FeSi-3 after annealing (900^C for 18 hours);
• for samples from FeSi-3 a clear band edge was also evident when annealing as 
low as 475^C (samples from FeSi-2 were not examined);
• a clear direct band edge (after annealing) was only evident in absorption spectra 
taken from samples from FeSi-2 and FeSi-3 that had an estimated Fe content o f 
36% or less (as-deposited);
• the average band gap values for FeSi-2 and FeSi-3 are 0.88eV and 0.86eV 
respectively, which are inline with those reported in the literature (see chapter 2);
• TEM images for FeSi-2 and FeSi-3 show significant differences between the 
samples (see section 5.5.1.6);
• for sample FeSi-2, but not for FeSi-3, a clear trend was evident between the 
as-deposited composition o f the layer and the value o f (at)^ at the band gap. This 
was attributed to an anisotropic reaction between the FeSi layer and the Si 
substrate for sample FeSi-3;
• the band gap value for samples from FeSi-3 are dependent on annealing 
temperature (100 to 800®C);
• the band gap value for samples from FeSi-3 are independent o f annealing time (up 
to 14 hours), the average value of which was 0.87 eV;
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the band gap value for a sample from FeSi-3 was founded to be dependent on 
measurement temperature, and successfully modelled by The Einstein model [6]. 
Differences between the modelling parameters used for sample FeSi-3 and those 
reported in the literature (see table 2.4) were attributed to the use o f different 
fabrication processes, as also highlighted by M.Ozvold et al. [9].
5.5.1.6 Comparing FeSi-2 and FeSi-3
Comparing the results for samples from FeSi-2 and FeSi-3 (section 5.2), it is clear that 
significant differences exist between the samples. TEM images (figures 5.4 & 5.14) 
highlight that upon annealing there is a very different interaction between the FeSi layer 
and the Si substrate.
Trends between (at)^ vs. energy plots and Fe content o f the as-deposited the FeSi layer 
are observed for FeSi-2, however similar trends are not seen for sample FeSi-3. This is 
attributed to the anisotropic interaction of the FeSi layer and Si substrate in FeSi-3.
It was found from elemental mapping image (not shown) that FeSi-3 had a layer o f 
carbon between the as-deposited layer and the substrate, FeSi-3 was also capped in an 
amorphous Si layer after the FeSi layer was deposited. It is these variations in the 
as-deposited samples that are the likely cause o f the differences observed in the optical 
properties of samples from FeSi-2 and FeSi-3 after annealing, and highlights the 
influence contamination during the deposition process has on the behaviour of samples 
during post-deposition processing.
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5.5.2 Discussion of results for Stoichiometric samples FeSi-4, FeSi-7, FeSi-11 
and FeSi-12.
The optical data for four samples that were deposited with a stoichiometric Fe:Si layers 
was presented in section 5.3. The following section takes that data, and re-plots it to aid 
interpretation and discussion o f the results.
5.5.2.1 Summary of band gap values at room temperature
To compare the band gap values for the different samples annealed under various regimes, 
the values have been placed into Table 5.6.
TABLE 5.6 A summary of the band gap values and Urbach tail widths for samples 
from FeSi-4, FeSi-7, FeSi-11 and FeSi-12 annealed under various 
regimes.
Sample
Annealing conditions FeSi-4 FeSi-7 FeSi-11 FeSi-12
475"C for 20 mins 0.90eV
98meV
0.93eV"
94meV
0.88eV
80meV
0.92eV*
71meV
800^C for 20 mins 0.92eV
93meV
0.95eV"
95meV
0.91eV
70meV
&89eV*
75meV
900*^C for 18 hours * 0.91eV
82meV
0.91eV
89meV
0.91eV
85meV
0.90eV
60meV
900^C for 18 hours 0.92eV
61meV
0.89eV
80meV
0.92eV
66meV
0.86eV
60meV
# = average taken between measured values, * = combined annealing time
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5.S.2.2 Comparing annealing regimes
Samples from all o f the stoichiometric samples (FeSi-4, FeSi-7, FeSi-11 and FeS i-12) 
have been annealed under various annealing regimes. To study the effects o f annealing 
conditions on the structural quality of the p-FeSii in the samples, the Urbach tail width 
values (Eo), which are measure o f disorder [12], have been plotted as a function o f 
annealing temperature (for measurements temperatures of 295K and 80K) see figures 
5.92 to 5.95.
Inset into figures 5.92 to 5.95 are plots o f DOS vs. energy, where DOS is proportional to 
the number o f defects underneath the fundamental edge of absorption (see section 3.4.2). 
It should be noted that values o f DOS depend on the thiclcness o f the samples, it has been 
assumed in the calculation that there is no change in thickness in the p-FeSiz layer at 
different annealing temperatures.
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FIGURE 5.92 Urbach tail width values as a function of annealing temperature at 
different measurements temperatures (295K and 80K)for FeSi-4. 
Inset showing values of DOS as a function of annealing temperature 
at 80K for FeSi-4.
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Figure 5.92 shows that the Urbach tail width values (295K and 80K) and DOS values 
reduce as the annealing temperature is increased. This indicated that annealing at higher 
temperatures reduces the number o f defects underneath the fundamental edge of 
absorption. Comparing the value of the Urbach tail width as a function of measurement 
temperature (at a given annealing temperature) shows that Eo at 80K (Eq-80) is bigger 
than Eq at 295K (Eo-295) for annealing temperatures of 475°C and SOO^C, while at 900^C 
Eq-80 is less than Eo-295, the significance of this is discussed at the end o f this section.
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FIGURE 5.93 Urbach tail width values as a function of annealing temperature at 
different measurements temperatures (29SK and 80K) for FeSi-7. 
Inset showing values of DOS as a function of annealing temperature 
at SOKfor FeSi-7.
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Figure 5.93 shows that that the Urbach tail width values (295K and 80K) and DOS reduce 
as the annealing temperature is increased. This indicated that annealing at higher 
temperatures reduces the number of defects underneath the fundamental edge of 
absoiption. Comparing the value o f the Urbach tail width as a function o f measurement 
temperature (at a given annealing temperature) shows that Eq-80 is bigger than Eo-295 for 
all annealing temperatures, the significance o f this is discussed at the end of this section.
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FIGURE 5.94 Urbach tail width values as a function of annealing temperature at 
different measurements temperatures (295K and 80K) for FeSi-11. 
Inset showing values of DOS as a function of annealing temperature 
at 80K forF eSi-ll.
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Figure 5.94 shows that that the Urbach tail width values (295K) and DOS values reduce 
as the amiealing temperature is increased. For Urbach tail width values measured at 80K 
there is a significant reduction between annealing 475°C and 800°C, but a negligible 
change between 800°Cand 900^0. These trends indicate that annealing at higher 
temperatures reduces the number of defects underneath the fundamental edge of 
absorption. Comparing the value of the Urbach tail width as a function o f measurement 
temperature (at a given annealing temperature) shows that E q-80  is bigger than Eo-295 for 
an annealing temperature o f 475°C, while at 800°C and 900^C E q-8 0  is less than Eo-295, 
the significance of this is discussed at the end o f this section.
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FIGURE 5.95 Urbach tail width values as a function of annealing temperature at 
different measurements temperatures (295K and 80K)for FeSi-12. 
Inset showing values of DOS as a function of annealing temperature 
at 80K for FeSi-12.
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Figure 5.95 shows that that the Urbach tail width values (295K and 8OK) and DOS values 
increase as the annealing temperature is increased from and 475®C to 800^0, while 
between 800^0 and 900°C a reduction is observed. The results indicate that annealing at 
different temperatures has a significant effect on the defects within the samples, however 
it is difficult to assign any trends between the temperature and the number of defects. 
Comparing the value of Urbach tail widths as a function of measurement temperature (at 
a given annealing temperature) shows at Eq-80 is bigger than Eq for all amiealing 
temperatures, the significance o f this is discussed next.
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Absorption observed under the fundamental edge (Urbach tail) is made up o f thermal and 
structural disorder [12], and thus should reduce when the measurement temperature is 
decreased (reducing thermal disorder). The data presented in figures 5.92, 5.94 and 5.95 
does not however show a reduction in the Urbach tail width values when the 
measurement temperature is reduced for samples annealed at lower annealing 
temperatures (475®C and 800°C).
This anomalous behaviour is attributed to higher levels o f disorder (at lower annealing 
temperatures) resulting in possible strain effects or differential thermal expansion. At 
higher annealing temperatures the level of disorder is reduced and thus the ‘expected’ 
dependency of E q on measurement temperature is observed.
For samples from FeSi-4, FeSi-7 and FeSi-11 a significant reduction in the number of 
defects underneath the fundamental edge is observed when the annealing temperature is 
increased, however it is difficult to assign a similar trend for samples from FeS i-12. The 
cause for the observed anomalous behaviour of samples from FeS i-12 is attributed to the 
dispersion in the Fe profile shown in the RBS profiles shown in figures 5.21 and 5.22.
221
Chapter 5_________________________________________________________________ Results & Discussions
5.5.2.3 Measurements temperature dependence graphs
In Chapter 3 Theory, it was discussed how the dependence o f the band gap on the 
measurement temperature can be modelled by both the Einstein [6] and the 
Thermodynamic models [7], The band gap value as a function o f temperature for the 
samples FeSi-4, FeSi-7, FeSi-11 and FeS i-12 annealed under various regimes have been 
investigated, the results o f which are presented in sections 5.3.3 to 5.3.6.
The band gap as a function of measurement temperature for all of the samples has been 
fitted with the Einstein model, by a computer program [8] implementing ‘least squares 
fitting’ to find the best fit for the thiee parameters Eg(0), K and 0e (see section 3.2.2). The 
fitting parameters for the Thermodynamic model [7] were then derived from those o f the 
Einstein model [6] by using equations 3.19 and 3.20 (as both equations are 
mathematically identical), for comparison with values obtained from the literature [9] 
(see Table 2.4).
The band gap values for each stoichiometric sample at various measurement temperatures 
for different annealing regimes fitted with the Einstein model [6] (equ. 3.14) are shown in 
figures 5.96 to 5.107.
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FIGURE 5.96 The band gap as a function of measurement temperature for a 
sample from FeSi-4 annealed for 20 minutes at 475®C.
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The band gap values (as a function o f measurement temperature) obtained for a sample 
from FeSi-4 annealed at 475°C do not present a trend that can be modelled by the Einstein 
Model [6]. It should be noted that the band gap for this sample shows significant 
differences to those for higher annealing temperatures (see figure 5.25).
For annealing temperatures o f 800 and 900°C, it was however possible to fit the 
measurement temperature dependence with the Einstein model [6] (see figure 5.97 and 
5.98).
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FIGURE 5.97 The band gap as a function of measurement temperature for a 
sample from FeSi-4 annealed for 20 minutes at 800®C.
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FIGURE 5.98 The band gap as a function of measurement temperature for a 
sample from FeSi-4 annealed for 18 hours at 900®C.
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The Einstein model [6] fitting parameters used for FeSi-4 are summarised in Table 5.7.
TABLE 5.7 Summary of Einstein model [6] parameters used to model the 
measurement dependency of the band gap for samples from 
FeSi-4 annealed at 475®C, 800°C and 900®C.
Annealing conditions Eg(0)
(ev)
temperature independent 
constant K(10'^)
Einstein
Temperature 0e (K)
475"C for 20 min no fit no fit no fît
SOO^C for 20 min 0.938 2 5 ^ 229
OOO'^ C for 18 hours 0.943 13.5 141
A reduction in the constant K and the Einstein temperature 0e is seen as the temperature 
and length o f anneal is increased, it is noted however that this ‘trend’ is based on two 
points and is thus speculative.
The band gap measurements taken on samples from FeSi-7 were successfully modelled 
for all amiealing regimes (see figures 5.99 to 5.101).
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FIGURE 5.99 The band gap as a function of measurement temperature for a 
sample from FeSi-7 annealed for 20 minutes at 475®C.
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FIGURE 5.100 The band gap as a function of measurement temperature for a 
sample from FeSi-7 annealed for 20 minutes at 800®C.
( □ = data, — = fit)
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FIGURE 5.101 The band gap as a function of measurement temperature for a 
sample from FeSi-7 annealed for 18 hours at 900®C.
( □ = data, “  = fit)
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The Einstein Model [6] fitting parameters used for samples from FeSi-7 annealed under 
three annealing regimes are summarised in Table 5.8.
TABLE 5.8 Summary of Einstein model [6] parameters used to model the 
measurement temperature dependency of the band gap for 
samples from FeSi-7 annealed at 475®C, 800®C and 900®C.
Annealing conditions Eg(0)
(ev)
temperature independent 
constant K ( I O ' )
Einstein
Temperature 0e (K)
475"C for 20 min 0.957 14 562
800"C for 20 min 0.960 13.5 717
900'^C for 18 hours 0.936 40.1 273
Contrary to the trends seen for sample FeSi-4, the data for sample FeSi-7 indicates that as 
the annealing temperature and/or time increases K also increases. The Einstein 
temperature shows a reduction between annealing at 800 and 900^0 (same as FeSi-4), but 
an increase between annealing temperatures o f 475°C and 800^C.
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The band gap measurements taken on samples from FeSi-11 were successfully modelled 
for all amiealing regimes see figures 5.102 to 5.104.
FIGURE 5.102 The band gap as a function of measurement temperature for a 
sample from FeSi-11 annealed for 20 minutes at 475®C.
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FIGURE 5.103 The band gap as a function of measurement temperature for a 
sample from FeSi-11 annealed for 20 minutes at SOO^ C.
( □ = data, — = fit)
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FIGURE 5.104 The band gap as a function of measurement temperature for a 
sample from FeSi-11 annealed for 18 hours at 900®C.
( □ = data, — = fit)
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The Einstein Model [6] fitting parameters used for samples from FeS i-11 annealed under 
three annealing regimes are summarised in Table 5.9.
TABLE 5.9 Summary of Einstein model [6] parameters used to model the 
measurement dependency of the band gap for samples from 
FeSi-11 annealed at 475®C, 800®C and 900®C.
Annealing conditions Eg(0)
(ev)
temperature independent 
constant K (10 j
Einstein
Temperature 0e (K)
475"C for 20 min 0.916 39.4 240
800"C for 20 min 0.936 52.7 352
900"C for 18 hours 0.941 83.5 431
The values o f K for FeSi-11 show a similar increasing trend as shown for FeSi~7, 
however the value o f 0e increases as the annealing time and/or temperature increases.
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The band gap measurements taken on samples from FeSi-12 were successfully modelled 
for all annealing regimes, see figures 5.105 to 5.107.
FIGURE 5.105 The band gap as a function of measurement temperature for a 
sample from FeSi-12 annealed for 20 minutes at 475®C.
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FIGURE 5.106 The band gap as a function of measurement temperature for a 
sample from FeSi-12 annealed for 20 minutes at 800®C.
( □ = data, — = fit)
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FIGURE 5.107 The band gap as a function of measurement temperature for a 
sample from FeSi-12 annealed for 18 hours at 900®C.
( □ = data, — = fit)
0.91
0.89 ^I -A  0 .88  - 
&I 0.87 -CQ
0.86  -
0.85
100 200Temperature (K) 300
The Einstein Model [6] fitting parameters used for samples FeSi-12 annealed under three 
annealing regimes are summarised in Table 5.10.
TABLE 5.10 Summary of Einstein model parameters used to model the 
measurement dependency of the band gap for samples from 
FeSi-12 annealed at 475*C, SOOV and 900"C.
Annealing conditions Eg(0) temperature independent Einstein
(ev) constant K (10‘^ ) Temperature Be (K)
475"C for 20 min 0.913 10.3 508
800"C for 20 min 0.923 27.5 702
900^C for 18 hours 0.902 3&8 723
Contrary to the trends seen for sample FeSi-4 and FeSi-7 but in support of those seen for 
sample FeS i-11, the data for sample FeSi-12 indicates that as the annealing temperature 
and/or time increases the Einstein temperature increases. The value o f K is seen to
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increase as the annealing temperature and/or time increases, similar to FeSi-7 and 
FeSi-11.
The fitting parameters for the Thermodynamic model [7] have been derived from those o f 
the Einstein model [6] by using equations 3.19 and 3.20, this enables a direct comparison 
with the values obtained from the literature [9] (see Table 5.11).
TABLE 5.11 Summary of The Thermodynamic model [7] parameters used to model 
the measurement dependency of the band gap for all of the 
stoichiometric samples annealed at 475*^ C, 800®C and 900”C.
Sample/annealing
conditions
Eg(0) (hco) Average phonon energy 
(meV)
(S) Phonon-electron 
coupling constant
FeSi-4 at 475"C No fit No fit No fit
FeSi-4 at 800“C 0.938 19.7 0.65
FeSi-4 at 900“C 0.943 12.1 0.56
FeSi-7 at 475“C 0.957 48.4 1.44
FeSi-7 at 800"C 0.960 61.8 1.09
FeSi-7 at 900"C 0.936 216 0.851
FeSi-11 at 475V 0.916 20.6 0.95
FeSi-11 atSOOV 0.936 30.3 0.87
FeS i-U at900“C 0.941 37.1 1.12
FeSi-12 at 475"C 0.913 43.8 1.17
FeSi-12 at 800V 0.923 60.5 2.27
FeSi-12 at 900“C 0.902 62.3 3.19
Table 5.11 shows that for the range of samples studied, a significant spread exists in the 
values for (hco) average phonon energy (12.1meV to 62.3meV) and (S) phonon-electron
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coupling constant (0.65 to 3.19). It should be noted that the data presented in Table 2.4 
(which shows values of hco and S obtained from the literature) also shows a significant 
spread in hco (21.5 meV to 71 meV) and S (1.43 to 6.22). The difference between the 
values o f hco and S reported here and those found in the literature is attributed to the use of 
different fabrication processes, as highlighted by Oèvold et al. [9].
Comparing the data for each sample presented in Table 5.11, it can be seen that for the:
• (S) Phonon-electron coupling constant
FeSi-4, FeSi-7 and FeSi-11 (except sample annealed at 900®C)
S decreases as the annealing time/energy is increased.
FeSi-12
S increases as the annealing time/energy is increased.
The significance o f the observed trends in S (reducing as the annealing time/temp is 
increased) as a function o f annealing conditions for samples FeSi-4, FeSi-7 and FeSi-11 is 
attributed to improvements in the material characteristics (number o f defects) resulting in 
reduced coupling between the electrons and phonons. The exception to this trend is a 
sample from FeSi-11 annealed at 900®C, the reason for this is unclear however it should 
be noted that abnormalities in optical data were repeatedly observed for this sample, 
which could relate to defects in the forbidden gap.
Sample FeSi-12 exhibits an inverse trend (increased S w ith increasing annealing 
time/temperature) to that discussed for the other samples. The RBS data (see section
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5.3.1.) indicated that an increase in annealing temperature results in the dispersion of the 
Fe profile (structural changes), and therefore causes the electron-phonon coupling 
constant to increase.
• (hco) Average phonon energy 
FeSi-4, FeSi-7 (except sample annealed at 800®C) and FeSi-11
(hco) decreases as the annealing time/energy is increased.
FeSi-12
(hco) increases as the annealing time/energy is increased.
Phonons are collective vibrational modes o f the atoms forming crystals [13]. The trends 
in (hco) for FeSi-4, FeSi-7 (except a sample annealed at 800^C) and FeSi-11 (reducing as 
the annealing time/temperature is increased) therefore indicate that annealing results in a 
change in the average vibrational mode of the atoms (structural change) in the p-FeSi] 
layer. The trend in (hco) for FeSi-12 (increasing as the annealing time/temperature is 
increased) also indicates that annealing results in a change in the average vibrational 
mode o f the atoms (structural change) in the P-FeSii layer. The trend for FeSi-12 is 
inverse to that observed for the other samples, therefore indicating that different structural 
changes are occurring. This is confirmed by RBS spectra (see section 5.3.1.) which show 
that the Fe profile for samples from FeSi-12 disperses when annealed, whereas for the 
other samples the Fe content does not alter significantly.
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S.5.2.4 Summary of material analysis
TEM images, RBS spectra and elemental maps (not shown) which reveal significant 
information regarding the structure and elemental profile o f samples from FeSi-4, FeSi-7, 
FeSi-11 and FeSi-12 have been shovm or discussed in section 5.3. The following section 
summaries that information.
FeSi-4:
• the composition o f the as-deposited layer confirmed to be stoichiometric (RBS);
• TEM images and RBS data indicated no significant differences between samples 
annealed at 800®C for 20 minutes and 900°C for 18 hours, with the majority o f the 
FeSi layer being transformed into p-FeSi].
FeSi-7:
the composition o f the as-deposited layer confirmed to be stoichiometric (RBS); 
for samples amiealed at 800®C for 20mins, the majority o f the FeSi layer is 
transformed into P-FeSi2 without the formation of voids;
annealing samples at 900^C for 18 hours causes voids to form between the a-Si 
capping layer and the p-FeSi2 layer.
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FeSi-11:
• the composition o f the as-deposited layer confirmed to be stoichiometric (RBS);
•  TEM images and RBS data indicated no significant differences between samples 
annealed at 800^C for 20 minutes and 900^C for 18 hours, with the majority of the 
FeSi layer transformed into p-FeSii.
FeS i-12
• the composition o f the as-deposited layer was found not to be stoichiometric, the 
Fe content was found to be significantly lower at 25% (RBS);
• RBS spectra for a sample annealed at 900®C for 18 hours showed significant 
dispersion in the Fe profile;
• TEM images indicate the presence o f voids between the a-Si capping layer and 
P-FeSii layer when annealing at 800°C for 20 minutes and 900®C for 18 hours.
Overall the results have shown that annealing layers of Fe and Si deposited on Si 
substrates in a stoichiometric ratio, results in the formation of a layer o f p-FeSi2 . However 
it can be seen that the deposition of an a-Si capping layer on the FeSi layer results in the 
formation o f voids [11].It was reported by Suemasu et al. [14] that the formation o f voids 
can be suppressed by using an Si02 capping layer instead o f a-Si (see chapter 6 
Conclusions and Future work).
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5.5.2.5 Summary of stoichiometric samples FeSi-4, FeSi-7, FeSi-11 and 
FeSi-12
This section contains a summary o f the salient points from the results and discussions for
the stoichiometric samples.
FeSi-4:
• the band gap value stays constant as the Urbach tail width decreases (showing a 
reduction in defects) when the annealing temperature is increased (100-800°C), 
with a clear band edge only appearing when annealing at or above 475®C;
• the band gap value was observed to be independent o f the annealing time 
(lOmins-18 hours), while the Urbach tail width (no. o f defects) reduces;
• the phonon-electron coupling constant and the average phonon energy (derived 
from modeling of the band gap dependence on measurement temperature) reduces 
with increased annealing time and/or temperature, highlighting structural changes 
in the material and a reduction in the number of defects.
FeSi-7:
• the band gap value increases with annealing temperature (100-800®C);
• the Urbach tail width decreases then increases (above 600-650^C) with annealing 
temperature (100-800°C), indicating a reduction and then increase in the defects 
within the samples;
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• the band gap appears to be independent of the annealing time (10 mins-18 hours), 
while the Urbach tail width increased (showing an increase in the number of 
defects);
• the phonon-electron coupling constant and the average phonon energy (apart from 
samples annealed at 800^C) reduces with increased annealing time and/or 
temperature, highlighting structural changes and a reduction in the number of 
defects.
FeSi-11:
• the band gap value increases with annealing temperature (up to 650°C) and then 
stays constant (up to SOO^C);
• the Urbach tail width decreases over the annealing range (1 OO^ C to SOO^C) which 
indicates a reduction in the number o f defects within the samples;
• the band gap is independent o f annealing time (lOmins-18 hours), while the 
Urbach tail width is dependent, with a slight reduction in value for an increase in 
annealing time (indicating a reduction in defects);
• the phonon-electron coupling constant and average phonon energy reduces with 
increasing annealing time and/or temperature (except for annealing at 900^C), 
indicating structural changes and a reduction in the number o f defects.
FeSi-12;
• the band gap value and Urbach tail width both exhibit a dependency on the 
annealing temperature and time, with a reduction in both observed for an increase
238
Chapter 5_________________________________________________________________ Results & Discussions
in the annealing temperature or time (indicating a reduction in the number o f 
defects and/or changes in the band strucutre);
• the phonon-electron coupling constant and the average phonon energy increase 
with increased annealing time and/or temperature, highlighting structural changes 
resulting in stronger electron-phonon coupling and an increase in the number o f 
defects.
To summaries the overall points o f interest:
The annealing temperature rather than the annealing time, has been shown to have a 
stronger influence on the band gap of annealed stoichiometric samples (FeSi-4, FeSi-7 
and FeS i-11). Both the annealing time and temperature however have a significant effect 
on the defects within the samples (highlighted by optical measurements), with increased 
annealing time or temperature reducing the number o f defects in most cases. The 
deposition o f an a-Si capping layer (FeSi-7), which results in the formation o f voids at the 
interface between the a-Si and FeSi layer, is proposed as the cause for an increase in 
defects in some cases.
Modeling o f the band gap dependency on the measurement temperature as a function of 
annealing time for samples from FeSi-4, FeSi-7 and FeSi-11, has also highlighted that 
increasing the annealing time and temperature causes a reduction in the number o f defects 
in the samples (confirming the trends seen in the values o f Urbach tail widths and DOS, 
reported in section 5.5.2.3) and other undefined structural changes.
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Band gap and the Urbach tail width values for samples from FeSi-12 (23% Fe content), 
have both been shown to be dependent (reducing) on the annealing time and temperature. 
A reduction in the Urbach tail width normally indicates a reduction in the defects 
underneath the fundamental edge. In the case o f FeS i-12 however this reduction in Eq is 
coupled with a reduction in the band gap, and thus could be as a consequence o f changes 
in the band structure rather than a reduction in the number o f defects in the forbidden gap. 
A similar coupling between the values for band gap and Urbach tail widths was reported 
for IBS of p-FeSi: by Yang et al. [15]. This conclusion is supported by modeling of the 
band gap dependency on the measurement temperature as a function of annealing time, 
which highlights that an increase in the number o f defects in the layers and structural 
changes (different for the other samples) is caused by increasing the annealing time and 
temperature. Structural changes in the samples are attributed to dispersion in the Fe 
profile after annealing indicated by RBS spectra.
5.5.3 I BAD samples FeSi-G and FeSi-8
The results for samples from FeSi-6 and FeSi-8, the two substrates that had a second Ar 
beam impinged on the substrate (assisted samples) during the growth, were presented in 
section 5.3.8.
Comparing similar assisted and unassisted samples (FeSi-4 w ith FeSi-6 and FeSi-7 with 
FeSi-8) indicates differences in the optical properties as a function of post fabrication 
processing. Table 5.12 contains a comparison of the band gap and Urbach tail width 
values between similar IB AD and non-IB AD samples.
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TABLE 5.12 A comparison of the band gap and Urbach tail width values between 
similar IB AD and non-IB AD samples.
Sample
Annealing conditions FeSi-4 FeSi-6 
(IB AD)
FeSi-7 FeSi-8
(IBAD)
475^C for 20 mins 0.90eV 
98 meV
0.9 leV 
88meV
0.93eV*'
94meV
0.90eV
89meV
800‘^ C for 20 mins 0.92eV 
93 meV
0.90eV
73meV
0.95eV*
95meV
0.9 leV  
76meV
900^C for 18 hours 0.92eV
61meV
0.86eV
65meV
0.89eV
80meV
0.87eV
63meV
Comparing the band gap values for FeSi-4 with FeSi-6 and FeSi-7 w ith FeSi-8, annealing 
at 900^C a marked reduction between the IB AD and non-IB AD samples is observed.
Another difference between IB AD and non-IB AD samples is the appearance o f a band 
gap in the absorption spectra after annealing at 425°C (50^C lower than that seen with 
similar unassisted samples -see section 5.3.7.). This is likely to be as a consequence o f 
better ‘mixing’ o f Fe and Si during the growth caused by the second Ar beam, similar to 
the effects seen during ion beam mixing o f Fe and Si layers [16].
Annealing studies (figure 5.84) have shown that a reduction in defect density (indicated 
by a decrease in the values o f the Urbach tail width) occurs with increased annealing 
temperature (100^C-800°C), however the band gap value appears to be independent of 
annealing temperature.
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5.5.3.1 Summary of the salient points from studying the use of the second 
Ar beam during the growth of p-FeSi2 samples
The main points of interest are:
• Possible improvements in the mixing o f Fe and Si during growth, resulting in a 
reduction in the annealing temperature threshold for p-FeSiz formation;
• Lower Urbach tail width values for most IBAD samples compared to non-IB AD 
samples;
• Increasing the annealing temperature (100-800®C) reduces the number o f defects 
in the layer, whilst not affecting the value o f the band gap. A large decrease in the 
band gap value is however observed when annealing at 900^C (compared to 
800°C).
5.5.4 Photovoltaic Measurements
The optical and materials characterisation (reported in section 5.4) have shown that the 
samples are not optimised, however it has still been possible to form basic p-n junctions 
as a means o f measuring ‘solar cell’ properties. Results in section 5.4 indicate that by 
depositing P-FeSi2 on to a Si (n-type) substrate we can form a p-n junction that generates 
a photo-voltage. There are two distinct regions in the photo-voltage spectral response, 
0.72eV to 1.1 eV and 1.1 eV and above. These two regions conespond to the band gap of 
P-FeSi2 and Si respectively, however it has not been possible to categorically link the two.
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fabricated by a commercially viable route, rather than IBS or other techniques not 
suitable to mass production. Further work is however necessary in improving the material 
fabrication, to enliance the performance o f the devices.
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Chapter 6 
Conclusions and Future Work
This dissertation presents an in-depth characterisation of FeSi layers fabricated by IBAD; 
the use o f IBAD has been investigated as it represents a commercially viable process for 
producing solar cell materials. A range o f fabrication and post-fabrication processes have 
been examined to provide an insight into the formation of p-FeSi2 from FeSi layers, to be 
ultimately used in solar cell devices.
For samples (FeSi-2 and FeSi-3) deposited with a range of Fe:Si ratios (40%:60% to 
29%:71%), it has been observed that Fe rich layers (>36% estimated Fe content) not only 
degrade and in some cases delaminate, but also do not exhibit a clear band edge (after 
annealing at 900^C for 18 hours). For samples from both FeSi-2 and FeSi-3 w ith an 
estimated Fe content between 35% and 29%, the FeSi layers are partly transformed (by 
annealing) into P-FeSi] and exhibit a direct band gap with average values of 0.88 eV and 
0.86 eV respectively. There is no apparent trend between the Fe content (for an Fe content
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<36%) and the band gap values.
It is apparent from the TEM images (figures 5.3, 5.4, 5.13 & 5.14) that after annealing 
significant differences exist between FeSi-2 and FeSi-3. TEM images o f samples from 
FeSi-2 show that after annealing p-FeSiz is formed across the entire inteface between the 
FeSi layer and Si substrate, whereas for FeSi-3 p-FeSii regions are formed in the 
substrate. It is concluded that these differences are attributed to the presence o f a carbon 
layer between the FeSi and Si layer on sample FeSi-3 (detected by elemental mapping) 
resulting in an anisotropic reaction (due to partial delamination) between the Si substrate 
and the FeSi layer.
For samples FeSi-2, and not FeSi-3, a clear trend was evident between the as-deposited 
composition (Fe content) o f the FeSi layer and the value of (at)^ at the band edge after 
annealing. This is attributed to the anisotropic formation of p-FeSii seen across FeSi-3.
The band gap value for samples from FeSi-3 was shown to be independent o f annealing 
time (lOmins-14 hours), when annealing at 900°C. The Urbach tail width was observed 
however to reduce with increased annealing time, showing a possible reduction in the 
defect density in the samples. The band gap value for another sample from FeSi-3 was 
shown to be dependent on the annealing temperature (100-800^0). This would suggest 
that the amiealing temperature during post fabrication processing has more influence on 
material formation, than time.
Samples that were deposited with an FeSi layer in (estimated) stoichiometric ratios
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(FeSi-4, FeSi-7, FeSi-11 and FeSi-12), have indicated that the co-deposition o f FeSi (2:1) 
presents the optimum deposition ratio for forming (after annealing) layers o f p-FeSi2 . The 
reasons for this are as follows.
Annealing o f all the samples (at least at 475®C for 20 minutes) results in the formation of 
P-FeSii (indicated by optical absorption measurements), with post-fabrication processing 
playing an important role in layer formation.
TEM images (figures 5.47, 5.48, 5.73 & 5.74) have shown that layers o f p-FeSiz are 
formed when the samples are annealed, however increasing the annealing time and 
temperature for samples with a-Si capping layer results in the formation o f voids in 
between the a-Si and FeSi layers. The cause of this is attributed to the migration o f Si into 
the FeSi layer to aid the transformation o f the FeSi layer to p-FeSiz [1], consequently the 
morphology o f the samples degrades.
The optical absorption characteristics (band gap, Urbach tail width and DOS) were 
investigated for samples FeSi-4, FeSi-7, FeSi-11 and FeS i-12 as a function o f annealing 
conditions. The Urbach tail width and DOS values are a measure o f the defect density 
within a sample [2,3]. Results indicate that for FeSi-4 and FeSi-11 increasing the 
annealing temperature (100 to 900°C) and/or time (10 minutes to 18 hours) reduces the 
value of the Urbach tail width (80K and 295K) and DOS (80K), while the band gap stays 
constant. Changes in the material structure are also evident from studying the 
measurement temperature dependence o f the band edge (discussed later).
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Sample FeSi-7 exhibited a complicated behaviour as a function o f annealing regime. The 
band gap value increased as the annealing temperature was increased (100°C-800^C), 
while the value o f Urbach tail width reduces (until 600^C-650^C) and then increases 
(until 800°C). This can be interpreted as a decrease and then an increase in the number of 
defects within the layer. It has been observed that comparing the optical results at 
annealing temperature o f 475®C for 20 minutes, 800^C for 20 minutes and 900®C for 20 
minutes shows a reduction in the value of the Urbach tail width (80K and 295K) and DOS 
(80K). The band gap has been shown to be independent o f the annealing time (10 mins to 
18 hours), while the Urbach tail width increases. Changes in the material structure are 
also observed when modelling the temperature measurement dependency of the band gap 
as a function o f annealing regime (discussed later). The explanation for the complicated 
behaviour observed for samples from FeSi-7 is attributed to a convolution o f effects from 
changes in the p-FeSiz structure and the creation of voids produced by annealing.
Samples from FeS i-12 exhibited trends in the band gap and Urbach tail width, that 
deviate from those so far presented for FeSi-4, FeSi-7 and FeS i-11. The Urbach tail width 
and the band gap have both been shown to be dependent on the annealing time and 
temperature. The differences in the trends are attributed to a much lower Fe content in the 
as-deposited samples and dispersion o f the Fe profile during annealing as indicated by 
RBS measurements (see section 5.3.1). Changes in the structure o f the samples, evident 
from the temperature measurement dependency o f the band gap as a function of annealing 
regime, are discussed later.
An extensive study into the effects o f the annealing conditions (475^C for 20 minutes,
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800°C for 20 minutes and 900^C for 20 minutes) on the measurement temperature 
dependency o f the band gap for expected stoichiometric FeSi layers (FeSi-4, FeSi-7, 
FeSi-11 and FeSi-12) was completed. The results from this study were then fitted with the 
Einstein model [4] and the Thermodynamic model (derived) [5]. A reduction in the 
electron-phonon coupling constant (S) and the average phonon energy (hco) was observed 
for an increase in annealing time or temperature for three samples (FeSi-4, FeSi-7 and 
FeSi-11) (group 1), except for a sample from FeSi-11 (annealed at 900°C for 18 hours). 
For samples from FeS i-12 an increase in (S) and (hco) was observed for increasing the 
armealing time or temperature.
The significance o f the trend observed in values o f S (reducing as the annealing 
time/temp is increased) for samples FeSi-4, FeSi-7 and FeS i-11 is attributed to 
improvements in material characteristics (number of defects), resulting in reduced 
coupling between electrons and phonons. This is confirmed by comparing the Urbach tail 
width and DOS values. Sample FeS i-12 exhibits an opposite trend (increased S with 
increasing annealing time/temperature) to that o f the other samples. This indicates an 
increase in the number o f defects with in the layer, resulting in an increase in 
electron-phonon coupling constant, even though the Urbach tail width values appear to 
suggest a reduction in the number o f defects. This apparent contradiction is attributed to 
changes in the band structure (highlighted by a reduction in the band gap values) causing 
a reduction in the Urbach tail width, highlighting a coupling between Urbach tail width 
values and band gap values similar to that reported by Yang et al. [6].
Phonons are collective vibrational modes o f the atoms forming crystals [7], thus the trend
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in (hco) for FeSi-4, FeSi-7 (except sample annealed at 800^C) and FeSi-11 (reducing as 
the annealing time/temperature is increased) indicates that annealing results in a 
reduction in the average vibrational modes o f the atoms (structural changes) in the 
P-FeSiz layer.
The trends in (hco) for FeS i-12 (increasing as the annealing time/temperature is increased) 
also indicates that annealing results in a change in the average vibrational modes of the 
atoms (structural changes) in the p-FeSiz layer. The trend is however the inverse to that 
seen for the other samples, it is proposed that different structural changes are occurring. 
The results therefore indicate a dependency o f the material structure on annealing 
temperature, with samples in group 1 and FeS i-12 undergoing different (annealing 
induced) structural changes. The difference in observed trends for FeS i-12 (in 
comparison to the other samples) is attributed to significant changes in the layer 
composition indicated by RBS spectra (see section 5.31.), which show the dispersion o f 
the Fe profile on annealing, whereas for the other samples the Fe content is not altered 
significantly.
The use of the second Ar beam during deposition of samples FeSi-6 and FeSi-8 has 
highlighted some possible improvements, in comparison to samples o f a similar 
composition deposited without the second Ar beam. Optical analysis showed a possible 
improvement in the mixing o f Fe and Si during growth, resulting in a reduction in the 
annealing temperature threshold for p-FeSiz formation. Further work is however 
necessary to ascertain the usefulness of the second Ar beam (see further work).
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Results in section 5.4 indicate that by depositing p-FeSiz on to an Si (n-type) substrate a 
p-n junction can be formed, which once illuminated generates a photo voltage. This 
shows that a commercially viable process (IBAD) can be used to fabricate P-FeSiz solar 
cell devices, though further improvements in the performance o f such devices is required.
Overall the work presented here has shown that p-FeSiz can be formed by a range o f FeSi 
ratios. The characteristics o f the layers are strongly dependent on the Fe/Si ratio, with an 
Fe:Si ratio of 1:2 being advantageous in the formation of stable p-FeSiz films. Samples 
that are deposited in a stoichiometric ratio and annealed result in the transformation o f the 
majority of the FeSi layer into P-FeSiz. The application of an a-Si capping layer before 
annealing does provide stability to Fe rich samples, but also results in the formation o f 
voids during annealing.
This investigation has highlighted the importance of the composition o f the as-deposited 
FeSi layer in the formation of p-FeSiz layers by post-deposition annealing. Annealing 
temperature (rather than annealing time) has been shown to have a strong influence on the 
band gap value. Annealing studies have also shown that improvements in material quality 
are observed by increasing the annealing time (10 minutes to 18 hours) and temperature 
(lOO^C to 900°C) for a set o f uncapped stoichiometric samples, however it is possible to 
form p-FeSiz with annealing temperature as low as 425-475*^0.
The low temperature formation of p-FeSiz is very important for solar cell applications, as 
this means fabrication costs can be drastically reduced. The next step is to evaluate 
whether improvements in the device performance (linked with improvements in material
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growth) can be achieved while finding a compromise between a reduced thermal budget 
and the desired electrical characteristics (see further work).
The main conclusions/achievements during this in-depth characterisation o f FeSi layers 
fabricated by IB AD are as follows:
• P-FeSiz fabricated from layers containing a range of FeSi ratios;
• in-depth characterisation by optical measurements o f the effects o f  annealing 
budget on samples;
• as-deposited stoichiometric samples show a reduction in defects when increasing 
the annealing time and temperature;
• band gap values o f stoichiometric samples are independent o f annealing time;
• a-Si capping layer results in the formation of voids, which increases defect 
density;
•  p-FeSiz/n-Si structures have been shown to generate a photo-voltage.
This dissertation represents the first stage in achieving commercially viable p-FeSiz based 
solar cell devices fabricated by IB AD, and has helped to define the fabrication window 
for the formation o f p-FeSiz from IBAD FeSi layers. The future usage of p-FeSiz for solar 
cell applications is still promising and worthy o f further investigation.
253
Chapter 6_____________________  Conclusions and Future Work
Some o f the key elements this ‘future work’ should concentrate on are as follows:
• the effects o f varying the parameters o f the second beam;
• deposition temperature;
• forming p-n junctions in p-FeSiz;
• electrical properties;
• depositing on to cheaper substrates for example glass.
Many of the above research avenues are likely to lead to improvements in the 
characteristics (optical, electrical and mechanical) of the layers, with a commercial 
approach being vital for the future success o f this research topic.
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APPENDIX A- List of samples
Appendices
Sample ID Substrate Expected layer 
composition
2"^  beam 
parameters
Capping
layer
FeSi-2 Si (p-type) Fe:Si (40%:60%) to 
(29%:71%)
N/A none
FeSi-3 Si (p-type) Fe:Si (40%:60%) to 
(29%:71%)
N/A a-Si
FeSi-4 Si (n-type) F e:S i(l:2 ) N/A none
FeSi-6 Si (n-type) F e:S i(l:2 ) 200eV,
WAFe=0.15
none
FeSi-7 Si (n-type) F e:S i(l:2 ) N/A a-Si
FeSi-8 Si (n-type) Fe:S i(l:2 ) 200eV, 
lAr/Ape^O. 1 5
a-Si
FeS i-11 Si (p-type) F e:S i(l:2 ) N/A none
FeS i-12 Si (p-type) Fe:S i(l:2 ) N/A a-Si
